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ARID SOUTHEAST OAHU VEGETATION, HAWAII 


INTRODUCTION 


Specifically, this paper is a report on the ecomposi- 
tion, structure, and other features of the vegetation 
of arid southeastern Oahu. These communities differ 
only in minor ways from those which oceur in all 
other arid parts of the island of Oahu. Furthermore, 
the botanical literature indicates that this vegetation 
is similar to that which is developed in the other 
Hawaiian islands. In general, this paper is a contri- 
bution to the knowledge of arid tropical vegetation, 
especially in regard to the roles of pantropical 
species, the effects of grazing and fire, and the inter- 
relationships of forest serub and grassland. 

LocaTION OF THE AREA 

The Hawaiian islands lie between the parallels of 
19 and 29 degrees north latitude, and between the 
meridians of 155 and 179 degrees west longtitude 
(Fig. 1). They are located in the Pacifie Ocean as 
an are extending for some 1,600 kilometers (1,000 
miles) from northwest to southeast. Oahu, 1,564 
square kilometers (604 square miles) in area, is the 
third in size of the islands and the center of the 
political, cultural, and commercial life of the Terri- 
tory. It is about 3,200 kilometers (2,000 miles) 
southwest of San Francisco, 5,440 kilometers (3,400 
miles) southeast of Yokohama and 3,040: kilometers 
(1,900 miles) northwest of the Marquesas, the near- 
est high South Sea islands. 

Southeast Oahu, as arbitrarily delimited for this 
study, is a narrow strip about 20 kilometers (12.5 
miles) from east to west, and 5 kilometers (3.1 
miles) from north to south. It extends from Nuuanu 


1/62,500) east to Makapuu Head, and from the south 
coast north to the crest of the Koolau range, exelud- 
ing the artificial coral fill in the vicinity of Waikiki. 
The nature of the arid part of this area is such that 
the general vegetation conditions are considered repre- 
sentative of many tropical areas. 
NATURE OF THE STUDIES 

The field studies were carried out by the author 
while Research Fellow of Yale University and Bernice 
P. Bishop Museum, 1936-37. He wishes to acknow]- 
edge the financial aid of this Fellowship, and to ex- 
press his appreciation for the valuable assistance of 
members of the Museum staff, particularly H. St. 
John, also E. H. Bryan, E. Y. Hosaka, and M. C. 
Neal. I especially appreciate H. St. John’s interest 
in checking and making many of the taxonomic iden- 
tifications, and in acting as author of the “Literature 
Cited.” F. R. Fosberg contributed significantly to the 
work through numerous field trips and many diseus- 
sions. Among others, E. L. Caum and C. Hartt of 
the Hawaiian Sugar Planters Association Experi- 
ment Station, and J. O. Wentworth have aided the 
course of the studies. Very valuable manuscript 
criticisms have been received from O. Degener, H. 
St. John, and J. O. Wentworth, also R. R. Hirt, 
E. Y. Hosaka, J. L. Lowe, C. K. Wentworth, and 
C. E. Hartt. All place names and localities mentioned 
in this paper appear on the U. S. Geological Survey 
maps of Oahu, 1927-1930, 1/20,000. The plates were 
drawn by L. E. Partelow, through the courtesy of 
the New York State College of Forestry. Photos are 
by the author unless otherwise indicated. 

This contribution on arid southeast Oahu vegetation 
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terminates the present series of reports on studies 
carried out as Research Fellow. Other aspects of 
the Hawaiian studies have been published separately 
(Egler 1937, 1938, 1939a, 1939b, 1940, 1941, 1942). 
Notes on the forests of waiawi, Psidium littorale var. 
lucidum, in the lower rain forest are being withheld 
pending further field studies. 

The problem was to describe and interpret the 
existing arid southeast Oahu vegetation. More par- 
ticularly, it was: (1) to determine if the plant life 
of the arid regions, 98 percent of the mass of which 
is composed of introduced “weeds,” is segregated into 
organized and integrated plant communities; (2) to 
describe these communities and to classify them in 
some system which would express their important 
characteristics; (3) to interpret the relative impor- 
tance of floristic and environmental controls; (4) to 
interpret the history of the vegetation; (5) to predict 
the future of the vegetation; and (6) to make recom- 
mendations on preferred land-uses, especially water- 
shed and grazing. All the studies were in the field 
of “basic research,” although many of the results 
are directly applicable to land management practices. 

The actual field studies, made from January 
through early September, 1937, were in the nature 
of a comprehensive reconnaissance (Fig. 2). They 
gave varying emphasis to the 6 problems listed above. 
Southeast Oahu vegetation was found to be unex- 
pectedly complex for its small size, and survey work 
sufficient to recognize the complicated and interacting 
influences of age-and-area (sensu Willis 1922), fire, 
grazing, soil, temperature, and precipitation occupied 
the major part of the time in the field. Further 
studies involved the floristic composition of the com- 
munities, the constaney and relative abundance of the 
species, and the role of the species in tolerating or 
altering the course of succession. 


LocaL IMPORTANCE OF VEGETATION STUDIES 


Studies on the plant life of Oahu are of academic 
importance because of the light they cast on the un- 
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usual conditions that now exist. The original vege- 
tation of the lowlands has vanished, and in its place 
are found a great number of naturalized aliens. The 
mountain vegetation tends to degenerate, often with- 
out apparent reason, and to be succeeded by foreign 
plants. The replaced cover types throughout are of 
different physiognomy and often appear essentially 
stable. 

The studies are also of practical importancée be- 
cause only 35 percent of the island is normally under 
intensive cultivation, mainly for sugar and pineapples. 
Most of the remainder is managed for the production 
of renewable resources, primarily water and forage. 
Watershed management end range management, to- 
gether with soil conservation, are playing an increas- 
ingly important role in the life of the island, but the 
management is still theoretical, with the vegetation 
by no means under satisfactory control. The arid 
lowlands are suited for grazing, and possibly for the 
growing of timber. On the other hand, water, not 
timber, is the most valuable product from the Ha- 
waiian mountain forests. This situation has long 
been recognized, and forest watershed reserves, first 
established in 1903, have been set aside with all other 
aims subordinated to the production of this limiting 
factor to agricultural and urban development. 

Several agencies are now directly interested in 
vegetation management in the Hawaiian islands. The 
National Park Service, with lands on Maui and Ha- 
waii, aims to maintain the vegetation cover in its 
natural state, whatever that may some day prove to 
be. The territorial Board of Agriculture and For- 
estry has been active in the establishment of Forest 
Reserves and in reforestation. The Hawaiian Sugar 
Planters’ Association has an arboretum of exotic 
species in their watershed management program. The 
Agricultural Extension Service of the University of 
Hawaii is active in the dissemination of literature. 
The University of Hawaii Agricultural Experiment 
Station has taken a lead in range management studies. 





HONOLULU 
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The U. S. Soil Conservation Service has established 
a branch in Hawaii, but the U. S. Forest Service has 
not entered the Territory. 
PUBLISHED LITERATURE 

Very few vegetational studies have been made in 
the Hawaiian islands. Hosaka (1937) reported that 
the early explorers Bloxam (1925), Byron (1826), 
Chamisso (1862), Menzies (1910), Seemann (1852- 
57), and Wilkes (1840) gave only short observational 
accounts of the vegetation. Hillebrand (1887, 1888) 
made the first attempt to classify the vegetational life 
zones, chiefly on an altitudinal basis. Forbes (1912) 
was concerned with succession on new lava flows. 
Rock (1913) elaborated the zones of Hillebrand, add- 
ing a strand zone, and moist windward and dry 
leeward subzones. Giffard (1913) referred to the 
sensitive equilibrium of Hawaiian forests and their 
role in watershed management. Campbell (1920) 
called attention to some of the unusual vegetation 
features of the islands. MacCaughey (1916, 1917a, 
1917b, 1918, and 1920) dealt with the communities 
of Manoa Valley, Oahu, with the vegetation of Ha- 
waiian lava flows, with an ecological survey of the 
ferns, and with the “tapestry forests” of the rainy 
region. Judd and Krauss (1927) gave maps of the 
forested areas. Judd (1929) wrote a general article 
on Hawaiian forests. Much information concerning 
the vegetation of Hawaii National Park is included 
by Degener (1930) in his floristic study of that area. 
Zschokke (1930), in his instructions for tree planters, 
referred to the need for land management and dis- 
cussed the more important site types. Hosaka (1937) 
published a eritical account of the communities, zones, 
and ecologic conditions of Kipapa Gulch, Oahu. 
Lamb (1938) has shown the effects of goat grazing 
in portions of the Hawaii National Park. Skottsberg 
(1931) diseussed the zonation of the high voleanoes 
of Hawaii island. Fosberg (1936) gave an interest- 
ing account of the forests of Lanai. Egler (1939) 
proposed a series of vegetation zones for Oahu cor- 
related with differences in precipitation and insola- 
tion, elaborating those of Hosaka. Robyns and Lamb 
(1939) published a preliminary survey of Hawaii 
island, giving a classification of the [assumed] climax 
formations based on the physiognomie types of forest, 
parkland, shrub, moss-lichen, and bog. They also 
gave a new altitudinal zonation, and discussed plant 
succession. Hartt and Neal (1940) have written an 
account of the alpine vegetation of Mauna Kea, Ha- 
waii island. Egler (1941) ealled attention to the 
fact that the present rocky foothill slopes have en- 
tirely lost their original thick mantle of soil, and 
that the present dry serub is in a new equilibrium 
with this soilless condition. Egler (1942a) inter- 
preted the alien versus indigene problems in terms 
of the inherent characteristics of the species, and 
considered that most of the aliens were pioneers in 
plant succession and that the indigenes are frequently 
tolerant and aggressive in later stages. Skottsberg 
(1942) deseribed the plant succession on lava flows 


of Hawaii island. Ripperton and Hosaka (1942) 
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have presented a logical and usable zonation of vege- 
tation on the major islands, based on characteristics 
of the vegetation itself, as correlated with rainfall 
at the lower elevations and temperature at the higher 
elevations. Baldwin and Fagerlund (1943) have 
shown that in Hawaii National Park, cattle will com- 
pletely destroy the sucker reproduction of the koa 
(Acacia koa) trees. 

In addition to these publications, reference may 
also be made to local journals, to the Hawaiian For- 
ester and Agriculturalist (30 volumes, 1904-1933) and 
the Biennial Reports of the territorial Board of Com- 
missioners of Agriculture and Forestry. These papers 
contain many valuable notes and articles on the estab- 
lishment of forest preserves, the need for their pro- 
tection, reforestation, grazing and feral animals, and 
the invasion of alien plants. Furthermore, the 
“Progress Report (1939)—Land Use,” published by 
the Hawaiian Territorial Planning Board, contains 
several articles of interest, notably that of Ripperton 
(1939) on the relation of ecology to land manage- 
ment, of Judd (1939) on the status of Hawaiian for- 
estry, and of Winters (1939) on soil erosion. 

CONCEPTS AND TERMINOLOGY 

The present paper is a description and interpreta- 
tion of the existing vegetation of arid southeast Oahu. 
Vegetation and flora are two terms which need ecare- 
ful distinction. Vegetation here refers to the plant 
cover of parts of the earth, considered en masse as 
integrated “systems” or “organisms” (but not biologic- 
organisms) that is, the products of the species of 
the flora acting according to their inheritance and 
under the influence of the environment. Vegetation 
in this sense is not to be considered solely as the 
product of its environment, since apparently identical 
environments may possess completely different vege- 
tations. Flora embraces the individual plants, with- 
out reference to their role in a larger integrated 
“organism.” By this usage, the major part of plant 
taxonomy, physiology, and morphology are “floristic” 
sciences, concerned with phenomena of the plant spe- 
cies. References to this usage, as developed in Europe 
since 1849, are included in the author’s discussion 
(Egler 1942b) “Vegetation as an Object of Study.” 
Plant ecology is used in the restrieted sense of re- 
ferring to the relations of species (floristic ecology) 
and of vegetation (vegetational ecology) to their 
environments; the word is not used as being syn- 
onymous with vegetation science, geobotany, plant 
sociology, or any other segregate of such material. 

The choice of concepts for this treatment of Oahu 
vegetation has received careful consideration. The 
vegetation of this tropical island—and of many other 
tropical islands—may be thought of as the vegetation 
of an entire continent, compressed into a few square 
miles. Consequently, such methods as are employed 
are subjected to severe tests. The techniques and 


concepts which had been popular for deseribing 
small parts of North America the writer tried to 


apply to Oahu. Frankly, as a result he was left in 


a mental state of confusion that lasted for several 
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years. Furthermore, he found local opinions and 
interpretations of the Island vegetation to be fraught 
with fears and prejudices and emotional fixations on 
matters of the alien species, the forest vs. grassland 
problem, and deterioration and disintegration of the 
native forest. 

Science marches on, and American ecology appears 
to be on the threshold of fundamental changes in 
its conceptual structure. Old ideas have served their 
time. New facts demand new concepts, unless indeed 
we cling as the mediaevalists clung to Aristotle. Con- 
siderable dissatisfaction is being voiced with the ideas 
of the early twentieth century. Raup (1942 :331) 
strikes at the heart of much of the trouble by saying 
that “The initial reasoning, therefore, has not been 
by simple induction from a body of empirically and 
naively determined facts, but from a system of work- 
ing hypotheses based upon assumptions of actual 
cause and effect. ... In . Weaver and Clements 
(... 1938) ... the casual relation is obviously no 
longer an assumption but an established fact, and no 
apology for it is given.” Cain (1944:17) considers 
that “physiological plant geography [of the ecol- 
ogists and the geographers] is rife with a priori ex- 
planation, deductive reasoning, and poorly founded 
conclusions, as to causation.” Griggs (1946:275) 
referring to his field work at the Alaskan forest edge 
between 1911 and 1930, says that “Being well indoc- 
trinated in the ecological dogma of the period before 
the First World War, I knew in advance exactly 
what kind of result I was to find.” The author de- 
seribed the Berkshire Plateau vegetation of Massa- 
chusetts (EKgler 1940) without reference to either 
“climax” or “association.” The absence of discussion 
of such ideas was only because a doctoral thesis of 
those years was not a_ suitable vehicle for such 
comments. 

The concepts here employed will be defined and 
briefly circumscribed under five terms: floristic-area, 
zone, land-type, community, and microsite-type. 

A floristic-area is a large empirically determined 
extent of land, characterized by a flora in the main 
unique to it. A large number of more or less sim- 
ilar ranges denote the existence of such an area. Be- 
cause of its large extent, climatic conditions appear 
to be more important than edaphic conditions in de- 
termining its unity. Historical origins and the age- 
and-area concept are also to be tested as controlling 
factors. Transeau (1905) recognized the actual ex- 
istence of such areas in eastern North America. The 
concept did not and will not progress, however, under 
the curious and interesting “law” that coniferous 
evergreen and angiosperm deciduous trees cannot be- 
long to the same center (see Egler 1940:178). A 
floristic-area, as here used, may contain grassland, 
scrub, and forest, of various life-forms. 

A vegetation-zone (hereafter called zone) is a large 
empirically determined extent of land, which is part 
of a floristic-area, and is characterized by a vegeta- 
tion (complex of communities) in the main unique to 
it. Whether or not an extent of land is one zone, 
several zones, or several sub-zoncs is purely a matter 
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of opinion, and the degree of subdivision depends 
upon its usefulness for purposes of scientific de- 
scription. A zone possesses a wide variety of its 
own communities, correlated with local edaphie, 
physiographic, pyric, anthropic, and historie differ- 
ences. Merriam (1889) was the first to recognize 
these empirical zones in North America, but unfor- 
tunately he bound them up and wrapped them round 
in such ecological dogma that many scientists have 
heaved them aside on the basis of those wrappings. 
The subject has been undergoing refinement and 
reorganization by Daubenmire for western North 
America (1943, 1946). Any one zone, as here 
adopted, may contain stable communities of any life- 
form type. Any attempt to describe a Oahu zone 
in terms of a single life-form type (such as grass- 
land, or forest) causes confusion and absurdity. On 
Oahu, the zones are apparently correlated with dif- 
ferences in precipitation. Differences in temperature 
exist, but are not as easily describable. 
A land-type is an empirically determined extent of 
land which is part of a zone, and which assumedly 
bears uniform vegetational potentialities (not actuali- 


ties) in regard to such factors as soil and local 
climate. The land-types found suitable for deserib- 


ing Oahu vegetation are only six in number: Stream- 
beds, streamsides, flatlands, coves, mid-slopes, and 


crests. Spécial land-types had to be recognized for 
maritime vegetation (see below). The mid-slope 


upland” of other authors) is the best 
vach zone: the cove, with its higher 
approximates the adjacent wetter 
zone; the with its lower moisture content, 
approximates the adjacent drier zone. Varying fae- 
tors, such as fire, grazing, agriculture, and lumber- 
ing, cause numerous variations in the communities of 
any one land-type. Thus, grassland, serub and forest 
may be induced on any one land-type. When any 
one of these is regionally dominant and stable, past 
investigators have been wont to fall into fallacious 
cause-and-effect interpretations. 

The community is an empirically determined group- 
ing of plants, worthy of study as a single vegetation 
unit on any one land-type. It consists of a group of 
species reacting among themselves and with all their 
environmental factors, so as to attain a “degree of 
integration” and organization. More than one com- 
munity may exist on the same site at the same time 
(layer communities) or at different times (seasonal 
One community may or may not bear 
with other communities in other 


(“general 
identifier of 
moisture content, 
crest, 


communities). 
much in common 
areas. 

A microsite-type is an empirically determined small 
area lying within the continuous extent of one com- 
munity. The idea is valuable in diseussing such 
irregularities as the vegetation of large boulders 
within a forest, or of rock outerops on the mid- 
slopes. Nature does not recognize any sharp demar- 
cation between small mierosite-types and large land- 
types; but in southeast Oahu this separation is pos- 
sible and practicable. 

In conclusion, the above five definitions are not 
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given with the intent of having other investigators 
apply them a priori to other regions. They are use- 
ful for describing the vegetation of Oahu, as known 
to the author and in the light of his knowledge of 
other vegetation. Any intent of extension by others 
to other regions is specifically disclaimed. 

Four other concepts demand brief attention: the 
association, succession, the climax, and physiognomy. 

The term association has become linked with a con- 
cept of a plant community that possesses a high de- 
eree of integration and organization. This concept 
was pushed to a ridiculous extremity when the com- 
munity was identified with a biologic-organism. Such 
an analogy is undoubtedly suited to such spatially 
unimportant communities as individual lichens, each 
a community of an alga and a fungus. The bulk of 
the Americans have been middle-of-the-roadists who, 
nevertheless, still give the plant community such a 
high degree of integration that associations have 
clear-cut distinction in time and space, and can be 
classified like biologic-organisms. The European sci- 
ence of plant sociology is based on even a higher 
integration level for the community. Personally, the 
writer believes the association-concept—valuable as it 
was at one stage in the history of vegetation science 
to have caused serious confusion, and to have stymied 
the development of this entire field of knowledge. 
Because of certain connotations, the term association 
is not used in this paper. In its stead, the writer 
adopts wholeheartedly and without exception the 
“individualistic concept” of the plant community as 
developed by Gleason (1926, 1927). In the light of 
the writer’s knowledge of botanical literature, he con- 
siders these all-but-forgotten papers as being of top 





significance in the entire development of American 
vegetational thought. 
Plant succession is deservedly one of the very 


ereditable developments of students of American 
vegetation. In this study of Oahu, however, the 
writer prefers to use the term vegetation change, so 
as to embrace any and all kinds of temporal altera- 
tions within and between communities. The term 
Succession, in the minds of some, appears to denote 
a succession of step-like metamorphoses from one 
association to another. Furthermore, the retrogressive- 
progressive argument makes it necessary for one to 
know whether he is “coming” or “going,” a stand 
which the writer cannot always take for Oahu, and 
which others usually settle more by faith than by 
empirical knowledge. 

The climax, and God, have certain things in com- 
mon for certain botanical atheists. To paraphrase 
Julian Huxley, the writer does not believe in the 
climax, because he thinks the idea has ceased to be a 
useful hypothesis. When the term and coneept were 
first presented, they served a very practical purpose. 
They represented to our then simple understanding 
of vegetation change, and in our simple northern 
vegetation, the one single and only end stage. The 
uext two decades witnessed all sorts of limitations, 
encompassed by such learned verbosity as climatic, 
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edaphic, physiographic, mono-, poly-, sub-, pro-, pre-, 
post-, dis-, ser-, and other climaxes. Further studies 
in the tropics would make even this fractionalization 
At the present, the term covers a 
multitude of varying concepts for different scientists, 
embracing everything from ideas homologous to the 
geologist’s peneplain, to sundry communities more or 
stable in character. Until one or another of 
these concepts emerges with sufficient clarity to de- 
mand a term—climax or otherwise—I consider it best 
to refrain from the use of the word. 


seem simple. 


less 


Physiognomy is a feature of vegetation which is 
certainly one of the most important factors in any 
descriptive analysis of communities. When physiog- 
nomy is used however in the classification and group- 
ing of communities and vegetations, we have a differ- 
ent problem. In North America, under the idea of 
“dominant life-forms,” the concept has insidiously 
conditioned our entire way of thinking, and has 
blinded us to many important relations within the 
angiosperm and gymnosperm forests, and between 
floristically similar grasslands and forests. In Eu- 
rope, the physiognemic formation raised to 
eminence by Riibel and, the Ziirich school of geo- 
botany, first for Europe, and then for the entire 
world. The writer does not wish to imply that a 
physiognomie classification have certain 
uses, especially in the simple north-temperate regions 
of floristically impoverished Europe. On the basis of 
the writer’s knowledge of tropical vegetation, and 
on the basis of the application of physiognomie 
criteria to Hawaii and to other tropical regions, it 
is his belief that its does extremely serious injustice 
to the recognition of natural areas, and to the rela- 
tionships between such areas. 


Was 


does not 


FLORISTIC CONTROLS IN SOUTHEAST 
OAHU 


The vegetation of Oahu is necessarily dependent 
on the available flora for all of its characteristies. 
This flora of ferns and seed plants is unique in many 
ways. It is composed of approximately 1,200 in- 
digenous species, of which 85 percent are endemic 
either to Oahu or to one or other 
islands, and an introduced flora of possibly 2,000 spe- 
cies. Since no geologic evidence indicates that the 
Hawaiian islands were ever connected wtih any other 
land mass, the indigenous flora is believed to have 
arisen at a relatively remote period by occasional 
immigrations—not now occurring—due to winds, eur- 
rents, and birds, chiefly from tropical Asia. The 
genera and families of indigenes are relatively few, 
but representative of very diverse groups; whereas 
within 


more of the 


such groups the number of closely related 
forms is often large, with many species and even 


The Ha- 


Walians, previous to 1778, had introduced less than 


some genera endemic to a single island. 
50 species, chiefly food plants from the southwest. 
Caucasians and Orientals are responsible in various 
ways for the presence of the balance of the flora, 
chiefly cultivated and adventive species. 
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Of the 2,000 introduced species, several hundred 
have escaped from cultivation in fields, gardens, and 
experiment stations, and by accidental plantings 
from seed impurities and from imported materials. 
Certain elements of this naturalized flora now form 
the bulk of many communities in the vegetation. The 
relationship of the alien flora to the indigenes has 
been considered by the author in a separate paper 
(Egler 1942a), but it may be reiterated here that 
many species appear to be so thoroughly naturalized 
that the limits of their Hawaiian ranges are assumed 
to be determined by features of the Hawaiian en- 
vironment, and that within their ranges they are 
found essentially on all sites and in all communities 
for which their genetic constitutions fit them. In 
other cases, migration is not yet completed; the spe- 
cies are still spreading into new areas and their full 
potential range can be reasonably predicted. For 
this reason, age-and-area—regardless of the role of 
this controversial factor elsewhere—is frequently the 
most important single concept in interpreting some 
aspects of the existing vegetation mosaic. For cer- 
tain ecologic purposes, it is absolutely essential to 
ignore the ancestry of a species: there are neither 
inherited features nor environmental relations that 
separate the aliens as an ecologic group from the 
indigenes. In general, the aliens are usually pioneers, 
suited to open sunny sites, and may be the more 
aggressive in the new country if diseases and pests 
are not present. 

The modern Hawaiian flora possesses represent- 
atives of all the major life forms that may effect the 
physiognomy of the vegetation. Trees, shrubs, and 
herbs are present. The trees of the rainy region are 
generally evergreen with thick entire-margined leaves. 
The trees of the dry region are variable in foliage, 
with leafy units that may be large or small, thick 
glossy-evergreen, thin dull-evergreen, or dry-season 
deciduous. A few introduced gymnosperms have 
recently become naturalized on other islands. Epi- 
phytes are abundant; annuals and succulents occa- 


sional. Most of the tidal marsh herbs and trees are 
naturalized. 


The modern Oahu flora has been considered to be 
composed of three major ecologic units in adjustment 
with existing environmental conditions (Egler 1939) : 
a tropical strand flora, a xerotropical flora, and a 
pluviotropical flora. These are “ecologic floral ele- 
ments” in the sense of Wulff (1943). The strand 
element is adapted for transportation by currents, 
lacks adaptations for terrestrial migration, shows re- 
markable adaptations for thriving in maritime sites, 
and at least in some eases thrives equally well or 
better when artificially introduced on uplands. The 
xerotropical element (including Prosopis, Leucaena, 
and Opuntia) is found in dry regions, generally the 
lowlands and the leeward side, and contains many 
naturalized aliens. The pluviotropical element (in- 
eluding Metrosideros, Koa, and Gouldia) is found in 
wet regions, generally the mountains and the wind- 
ward side, and contains relatively few naturalized 
aliens. 
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Figure 3 shows diagrammatically the assumed cor- 
relations of the relative vertical ranges of the xero- 
tropical and pluviotropical plant species with (a) the 
seven vegetation-zones, (b) precipitation, (¢) insola- 
tion, and (d) floristic-areas. On a geographic basis, 
two major floristic-areas are recognized: the xero- 
tropical and the pluviotropical. The diagram indi- 
cates that within the pluviotropical rainy region, the 
greatest number of species is believed to be in the 
Koa zone which is characterized by the arborescent 
Acacia koa. That this zone is the center for this 
area is admittedly a hypothesis, here presented for 
further consideration and study. Hosaka (1937) 
found the Koa zone to be low in number of species, 
and the Ohia zone to be the highest in the pluvio- 
tropical region. Hosaka’s empirical data are believed 
to result from the recent extermination of a vast 
number of species in his Koa zone, due directly and 
indirectly to the influences of man. It is believed 
that placing the floristic maximum in the Koa zone 
expresses better the floristic potentialities of that 
zone. From this floristic center in the Koa zone, the 
flora thins out at higher altitudes in correlation with 
increasing cloudiness, and thins out at lower altitudes 
in correlation with decreasing precipitation. In the 
dry region, the flora appears to be largest in its 
uppermost Mauka Koa-Haole zone, and thins out at 
lower altitudes in correlation with decreasing precip- 
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tation-zones, precipitation, species ranges, insolation, and 
floristic-areas. No altitudinal figures can be assigned 
to this chart. Precipitation at sea level varies greatly 
in different parts of the Hawaiian islands. The zone at 
sea level may be any of those listed, except the wettest 
cloud zone. (The shrub ‘‘haole koa’’ is also known as 


’ 


‘“koa-haole.’’) 
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itation. Minor floristic elements, such as those of 
pogs and of the cloud zone, are not shown in this 
diagram. The possible range of altitude of any one 
zone is very great, depending primarily on the 
amount of precipitation. Consequently the elevation 
of a botanical station is, by itself, of almost no signif- 
icance unless accompanied by additional information. 

In the Hawaiian islands the strand flora may be 
superposed on any one or several of the lower five 
or six of the vegetation zones, depending on the con- 
comitance of strand dispersal with the amount of 
precipitation. For this reason, a “strand floristic- 
area’’ cannot be of coordinate rank with the two 
floristic-areas previously described. 


ENVIRONMENTAL CONTROLS IN 
SOUTHEAST OAHU 


The characteristics of the environment are of im- 
portance as factors which permit or prevent. the 
expression of the genetic characteristics of the plant. 
The purpose of the succeeding paragraphs is to draw 
attention to those ecologic factors that locally are 
found to be correlated with vegetation conditions. 
For purposes of this discussion, they are divided 
into the following groups: geomorphic, atmospherie, 
edaphie, grazing, and pyric. 
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GEOMORPHIC FACTORS 

Oahu has had a long and complex geologic history. 
It is one of the complex peaks of a range of voleanie 
mountains, the summits of which form the islands of 
the Hawaiian archipelago. These have been formed 
by successive outpourings of lava from a series of 
rifts in the ocean bottom, 5,000 meters (16,500 feet) 
or more below sea level. Oahu is composed of the 
remnants of two domes, much faulted and eroded 
to produce the present highly dissected mountain 
masses, the Koolau range and the Waianae range, 
the highest elevation of which is Puu Kaala at 1,227 
meters (4,025 feet) elevation. Several recent changes 
in sea level have produced narrow coastal plains and 
raised reefs that characteristically flank the moun- 
tains near the During and after such recent 
fluctuations, there was a minor resumption of voleanic 
activity that blasted vents through the coral reefs, as 
at Punchbowl, Diamond Head, and the Koko eraters, 
and poured lava down some valleys, as at Nuuanu, 
and from Tantalus, Sugar Loaf (Round Top), and 
Kalama. 

A dominating feature today of the topography of 
southeast Oahu (Fig. 4) is the main erest of the 
Koolau range, extending from northwest to southeast. 
Northeastwards and facing the trade winds this crest 


sea. 
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Fig. 4. Topographic map of southeast Oahu, showing the 200-, 800-, 1,400-, and 2,000-foot (60-, 240-, 420-, and 
600-meter) contour lines. The main crest of the Koolau range extends northwest-to-southeast, at altitudes of 800- 
2,000 feet. The numerous steep-walled valleys are at right angles to, and south or southwesterly of, the main crest. 
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is usually the summit of a cliff averaging 400 meters 
(1,300 feet) in height, formed by stream and marine 
erosion, perhaps complicated by faulting. South- 
wards are a series of approximately north-south 
ridges and valleys developed at right angles to the 
main crest. The ridges often: have precipitous slopes, 
and in humid zones their cross-sectional form tends 
to be bi-coneave, due to the frequent and normal 
occurrence of soil avalanches (Wentworth 1943) that 
are locally more important in surface-carving than 
direct stream erosion. In arid regions, the ridges 
are bare of soil, a condition considered by some (e.g. 
Stearns 1940:3) to be due to washing of the slopes 
at a higher level of the sea. In the opinion of the 
present author, however, the rapidity of decomposi- 
tion of the voleanie rocks, the existence of relict soil 
patches, and the role of undisturbed vegetation in 
holding the soil make it difficult to account for the 
hareness of the slopes on a time scale related to such 
sea level changes. The valleys are flat-floored, in 
general filled with alluvium that may be 300 meters 
(1,000 feet) in thickness. Behind Honolulu the val- 
leys are amphitheater-headed, primarily due to the 
much greater precipitation upstream than down- 
stream. A narrow coastal plain merges with the 
valley floor, and is surmounted by the conspicuous 
secondary voleanie cones mentioned above. 

As a result of the complex history and processes 
implied above, there are a variety of surficial geologic 
deposits that serve as parent soil materials. These 
include, within the region studied in southeast Oahu 
(Stearns 1939), the following: 


1. Uneconsolidated Recent marine ealeareous sedi- 
ments, chiefly sand near the beach. 

2. Uneonsolidated Recent caleareous dunes, of sand 
blown inland. 

3. Uneonsolidated Recent non-caleareous deposits, 
chiefly alluvium, varying from mud to sand. 

4. Consolidated Pleistocene caleareous dunes of 
sand blown inland. 

5. Consolidated Pleistocene caleareous marine sedi- 
ments, chiefly emerged coral reefs. 

6. Consolidated Pleistocene non-caleareous deposits, 
conglomerates, chiefly older alluvium. 

7. The Pleistocene Honolulu Voleanie 
heterogeneous assortment of deposits associated 
with the last voleanie action, including aa and 
pahoehoe basie lava flows; deposits of bombs, 
pumice, cinders, and spatter that are friable or 
more or less consolidated; tuff composed of 
angular fragments of basalt and_ limestone, 
more or less consolidated; and a breechia of 
basalt blocks. 

8. Basalt of 
pahoehoe flows. 


Series, a 


the Koolau dome, usually aa and 


Despite the variety of parent materials within a 
vegetation zone, variations in the chemical composi- 
tion of the substrata appear to play little or no role 
in the distribution of the vegetation types, nor were 
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indicator species found whose presence was restricted 
to one or several of them. Differences in their phys- 
ical structure, however, are significant for vegetation, 
and permit recognition of only two major groups of 
parent materials: the consolidated, and the unconsoli- 
dated deposits. The friable unconsolidated deposits, 
subject to high infiltration and water retention, gen- 
erally possess a higher stage of vegetation develop- 
ment than those consolidated deposits where the run- 
off is high and the retention low. The difference is 
in the stage of succession, not in the specificity of 
the vegetation. 

The reader is referred to Stearns (1935, 1939, 
1940) for additional data on the geology of Oahu 
and for additional references. 

ATMOSPHERIC FACTORS 

1. Climate. Climatology is concerned with the 
characteristic usual conditions of the atmosphere of 
a locality : meteorology is concerned with all conditions 
of the atmosphere. In connection with this botanical 
study, one realizes that climatic factors are of sig- 
nificance, although in some instances the study of 
abnormal meteoric (atmospheric) factors is more 
informative. It is possible that in certain instances 
the ecologist has been concerned with meteoric factors 
under his name of “climatic factors,” a custom en- 
tirely permissible except that it is not in entire har- 
mony with the practice of meteorologists themselves. 

Climatological data to 1918 have been summarized 
by the Weather Bureau (U. S. Dept. Agric. 1922). 
The climate of Oahu has received treatment by Jones 
and Bellaire (1937) who applied the Képpen and the 
Thornthwaite systems, by Feldwisch (1939) who 
utilized more recent Weather Bureau data, and by 
Ripperton (1939) whose climatic zones for the dif- 
ferent islands are made to accord with the vegetation 
zones. As stated in the Weather Bureau summary, 
the outstanding features of the Hawaiian climate are 
the remarkable differences in rainfall over adjacent 
areas and from season to season; the constancy of 
trade winds through practically all seasons; the per- 
sistently equable temperatures which pass through 
the cyele of the seasons devoid of marked or sudden 
changes, and with only a moderate difference between 
the averages of summer and winter months; and the 
absence of typhoons and hurricanes. Precipitation is 
due mostly to the foreed ascent of the moisture- 
laden trade winds, with most of the rain oceurring 
on the windward slopes and very little on the leeward 
slopes. Isohyets are arranged symmetrically about 
un elongate axis that lies slightly to the lee of the 
crest of the Koolau range. During the cooler months, 
the center of a cyclonic depression north of the 
islands may move eastward, associated on the island 
with southwesterly winds and sometimes precipitation. 
One or two such “Kona storms” may affect the annual 
precipitation considerably, siriee more rain may fall 
on the dry lowlands in a single storm than usually 
falls in a normal year. 

According to the Képpen classification, Oahu shows 
lowland Afi (Af, tropieal, rainy), Asi (As, tropical, 
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summer-dry) and montane Cfbi (Cf, warm-temperate, 
humid) climates. Jones and Bellaire do not find the 
system satisfactory, since the difference between the 
A and C climates is based on temperature, and the 
mountain Cf (forest) climate on the islands is not 
coextensive with the actual distribution of forest 
cover. It should also be pointed out that the tropical 
rain forest of Oahu on a Képpen map occurs in the 
C (temperate) region and not in the A (tropical) 
type, and that the lowland Af region does not bear 
a tropical rain forest. 

The Thornthwaite system was applied by Jones 
and Bellaire, with more success in their opinion, 
using a 4-letter formula and a modified P/E index 
because of the different relationship between tem- 
perature and evaporation that occurs in very humid 
regions. A (rain forest), B (forest), C (grass- 
land), and D( steppe) precipitation provinces oecur 
in Oahu. A’ (tropical), and B’ (mesothermal) tem- 
perature provinces, r (moisture abundant at all sea- 
sons), s (dry summer), and d (dry at all seasons) 
areas, and the a (25-34 percent of precipitation in 
summer) area occur. The climates thus mapped are 
Ab’ra, BB’ra, BA’ra, CB’ra, CB’sa, CB’da, CA’ra, 
CA'da, and DA‘da. 

The coordination of the Thornthwaite climatic types 
with the vegetation types as recognized by the pres- 
ent author is summarized as follows in three cate- 
gories: 1. Oahu possesses four precipitation zones, 
A, B, C, and D. Sinee the seven vegetation-zones 
of Egler (1939), based on those of Hosaka (1937), 
are correlated with precipitation, there is a rough 
parallelism between the two groups. Thus the “iso- 
clime lines” (lines separating areas of equal climate) 
parallel the vegetation-zone boundaries. However, 
the descriptive designation of the Thornthwaite zones 
as climates of rain forest, forest, grassland, and 
steppe cannot be reconciled with the opposing facts. 
From the investigations of the author on Oahu, it 
would appear that forest, grassland, and steppe may 
occur in almost every zone, and may be perpetuated 
by such secondary factors as grazing and burning, 
forming their respective equilibria with the climate. 
There is no physiognomie type which conceivably can 
be called the one “natural type” of such a precipita- 
tion-conditioned zone. 2. Leaving the consideration 
of precipitation, Oahu is seen to possess two tem- 
perature provinces, A’ (tropical; region of tropical 
rain forest) and B’ (mesothermal; region of tem- 
perate rain forest). An inspection of the climatic 
map of Oahu shows that not only are the moist 
vegetation-zones in general “mesothermal,” but that 
the lowland zones are repeatedly divided between 
“tropical” and “mesothermal” provinces. For ex- 
ample: Makapuu Head is “mesothermal”; Koko 
Head is “tropieal”; and only part of Honolulu city 
is “tropical.” To separate the extraordinarily uni- 
form arid lowland zones into two such fundamentally 
different categories as “tropical” and “mesothermal” 
is unreasonable to a botanist. Furthermore, the en- 
tire island of Oahu is completely tropical in its flora 
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and vegetation and bears no relation to such tem- 
perate “mesothermal” vegetational climates as occur, 
e.g., in Illinois. Vegetational correlations are very 
effectively masked by this use of temperature data. 
3. Three precipitation efficiency zones occur in low- 
land Oahu, r, s, and d. To the knowledge of the 
author, the vegetation of areas so segregated may 
possess differences, but they are of such a minor 
nature that they are not apparent in the field. 

The lack of coordination between the Thornthwaite 
climatic types and the vegetation types reveals a 
serious discrepancy that cannot be adequately treated 
in this paper. Thornthwaite (1931, 1933, 1941) ree- 
ognizes five major vegetation types in the world due 
to variations in effective rainfall: rain forest, forest, 
steppe, and desert. He recognizes six 
regions due to variations in temperature efficiency : 
tropical rain forest, microthermal rain forest, taiga, 
tundra, and perpetual frost (no vegetation). Accord- 
ing to Thornthwaite (1933:434) “since the bound- 
aries of the above-mentioned vegetation regions are 
thought of as the critical climatic limits, the attempt 
has been made to determine the actual numerieal val- 
ues of precipitation effectiveness and temperature 
efficiency that thus constrain the extension of the 
various [vegetation] types.” The corresponding eli- 
matie types A (rain forest), B (forest), C 
land), D (steppe), E (desert), and A’ (tropical rain 
forest), B’ (miecrothermal rain forest), C’ (taiga), 
D’ (tundra), and E’ (perpetual forest), should thus 
be recognized as created so as to accord with their 
respective vegetation cover types. The resulting cor- 
relation between vegetation and climate is inevitable; 
it is not to be leoked upon as a natural phenomenon 
“discovered” by the application of this climatological 
system. Furthermore, one should avoid the pitfall 
of loose thinking—evident in certain recent botanical 
publications—that because of this close “manufac- 
tured” correlation, we ean believe in a cause-and- 
effect relationship, to wit, that climate, as formulated 
by the Thornthwaite system, is both the cause of 
vegetation areas and vegetation boundaries, and proof 
of the theory that climate directly controls the “eli- 
max” vegetation. Such “circular thinking” is easily 
adopted by the unwary research worker. 


grassland, 


(grass- 


The discrepancies on Oahu between the actual vege- 
tation types and the Thornthwaite climatic types as ex- 
pressed in vegetation terms are due to the basic botan- 
ical principles on which this climatological system is 
founded. These botanical principles should be recog- 
nized as only the “postulates” of a certain school of 
ecologists, not yet to be accepted as natural “laws,” 
at least for the tropies. Among such unproved 
postulates are the following: (1) that areas of natural 
vegetation, such as forest or grassland, are the direet 
result of the climate (average weather), rather than 
of abnormal weather such as hurricanes, cold years 
(as implied by James, 1949, for an arca in southern 
Brazil), drouth years, or humid vears; (2) that vege- 
tation boundaries are controlled by climate (average 
weather) rather than by abnormal weather or any 











394 


other factor; (3) that the physiognomy of natural 
vegetation, such as forest or grassland, is controlled 
by some aspect of weather, rather than by such non- 
meteorie factors as fires, animals, topography, depth 
of soil and fiora. On Oahu, it should be noted that 
forest and dense serub are “natural” vegetations for 
A (rain forest), B (forest), C (grassland), and D 
(steppe) climates, and that existing grassland and 
savana in all these zones, equally “natural,” are due 
to loeal irregularities in factors other than climate. 
Although on continental areas there is possibly a 
inisleading correlation between types of (1) weather 
and (2) animals, topography, and soil, on tropical 
islands these factors are not linked, and the limited 
effect of the climatic factor alone becomes more read- 
ily apparent. 

This criticism of the Thornthwaite system as ap- 
plied to Oahu is in full recognition of the fact that 
there actually are striking correlations between the 
great vegetation areas of the world and climatologic 
features of those areas, and that such correlations 
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Fic. 5. Hydrotherm figure for the Makai Koa-Haole 
zone. Data from station at Makapuu Point. Average 
annual precipitation 21.0 inches. Precipitation data for 
28 years; temperature data for 14 years. 
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may be given mathematical expression by empirically 
derived formulae. On the other hand, the botanist 
should not overlook other and possibly equally sig- 
nificant correlations between vegetation areas and 
floristic, faunistic, edaphic, and topographic factors. 
Furthermore, any refinement of the system so as to 
permit precise accord of climatic and vegetation 
boundaries should be recognized by the botanist, not 
as proof of a cause-and-effect relationship, but as the 
inevitable result of embracing a philosophy of en- 
vironmental determinism. That philosophy was based 
originally on certain assumptions, which were quietly 
metamorphosed in later years into “facts” that only 
recently are being requestioned. 

Average precipitation and temperature conditions 
for three specific stations in arid southeast Oahu are 
expressed graphically in Figures 5 through 7. The 
numerals at the left indicate centimeters of precipita- 
tion and degrees C.; the letters at the top indicate 
the months of the year. (The figures at the right are 
che corresponding inches of precipitation and degrees 
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Fic. 6. Hydrotherm figure for the Middle Koa-Haole 
zone. Data from station at Punahou, Honolulu. Aver- 
age annual precipitation 37.5 inches. Precipitation data 
for 23 years; temperature data for 15 years. 
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F.) Precipitation data to 1935 (broken lower line) 
from Feldwisch (1939); temperature data to 1918 
(solid upper line) from U. S. Weather Bureau 
(1922). The differences between the temperature 
data at the different stations are related to elevation; 
they are not considered significant in distinguishing 
the climates of adjacent zones. Further, as an ex- 
ample of the fluctuations in precipitation that occur 
from year to year at the same locality, the annual 
rainfall from 1905 through 1935 for the U. 8. Weather 
Bureau station at Honolulu is graphed in Figure 8. 
As an example of the differences in seasonal distribu- 
tion at one station, the monthly rainfalls for three 
non-consecutive years are graphed in Figure 9. 

2. Precipitation. Rainfall in the Hawaiian islands 
varies from less than 38 centimeters (15 inches) a 
year to an average of over 1,140 centimeters (450 
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12 years. Note the similarity in temperature conditions 


in all three zones, and the increasing precipitation from 
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50 centimeters (20 inches) at Makapuu Point and at 
Diamond Head to over 380 centimeters (150 inches) 
at Nuuanu Pali, only 13 kilometers (8 miles) away. 
Figures 5 through 9 show the characteristies of the 
precipitation through the seasons, through the years, 


and in the different zones. Figure 4 indicates dia- 
grammatically the increase of precipitation with 
elevation, although no elevational figures may be at- 
tached to such a chart. For example, precipitation 
at sea level may be 50 centimeters (20 inches) or 180 
centimeters (70 inches) and may increase to only 
230 centimeters (90 inches) on the Waianae range 
or to 760 centimeters (300 inches) on the Koolau 
range. The amount of precipitation is the environ- 
mental factor which bears the highest degree of cor- 
relation with the vegetational and floristic zones, and 
as such, may be an indicator of the zone if vegetation 
data are lacking, or if the vegetation is so altered 
by anthropie activities that its exact zonal status is 
uncertain. 

3. Temperature. Although August and September 
are the warmest months, and January and February 
the coldest, there is generally less than 3.6 degrees C. 
(6.5 degrees F.) difference between the extremes. The 
highest single temperature ever recorded for the 
islands is 37 degrees C. (100 degrees F.) on Hawaii 
island; frosts on the summits of the highest voleanoes 
of other islands may occur any night of the year, 
although they undoubtedly have not occurred in 
southeast Oahu. Figures 5 through 7 show the char- 
acteristics of the temperature conditions through the 
seasons. On Oahu, the differences, which are not 
great, are correlated with elevation and as such do 
not appear to be of significance except as they may 
alter the precipitation effectiveness. Although tem- 
perature decreases with rise in elevation on Oahu, and 
the difference is often sufficient to affect human com- 
fort and may be significant for the growing of cer- 
tain plant species, the southeastern part of the island 
may be considered thermally uniform for vegetation. 

4. Sunshine. Adequate sunshine and cloudiness 
data for the different vegetation zones are not avail- 
able. Figure 4 indicates diagrammatically the au- 
thor’s opinion on the correlation of sunshine and 
vegetation for the different zones. Many character- 
istics of the Cloud zone, such dwarfed stunted 
trees, mosses, and delicate ferns growing openly in 
what would be full light elsewhere, and the predomi- 
nance of small hard evergreen leaves indicates that, 
with the precipitation ample, the factor that segre- 
gates the vegetation from the Ohia zone below may 
be the deficient light. Weather Bureau records for 
the average number of days with 0.025 centimeters 
(0.01 inches) or more of precipitation show 66 days 
for Makapuu Point (Makai Koa-Haole zone) and 287 
days for Tantalus (Koa zone). The differences in 
cloudiness are greater than these figures for precipita- 
tion indicate, and the amount of cloudiness is much 
greater for the Cloud zone than for the Koa zone. 


5. Elevation. Altitude above 
tioned repeatedly in botanical studies. 
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Fig. 8. Fluctuations in annual precipitation. Middle Koa-Haole zone, U. S. Weather Bureau station, down- 
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Data for the years 1905-1935. 


Extremes are from 11.27 inches (for 1926) to 44.96 inches (for 








Ovtober, 1947 


A M 
qT 





oe hd 
—+G 
—+> 


S 6 MN 8 Sd © WwW 
Y a ee) ee ee 


35 
Has 
sel- 42 
44 
g 
\ 
\ | 
25 \ ” 
\ 
\ 
4917-6 
20} 76 


~ 
wn 
1 
a 


1 
5) 


Precipitation in Inches 


rT 
a 


Precipitation in Centimeters 
ro) 





3 
2 
1945_] 
112° 4 
ce] 














Fig. 9. Differences in seasonal distribution for three 
years, 1912, 1915, and 1917. Middle Koa-Haole zone, 
U. S. Weather Bureau station, downtown Honolulu. 


edge of the author, southeast Oahu plants do not 
react directly to differences in barometrie pressure or 
to temperature, which are the significant factors di- 
rectly affected by local altitudinal conditions. The 
correlation between altitude on the one hand and 
precipitation, cloudiness, and vegetation on the other 
hand is so variable that altitude cannot be used as 
an indicator. in this study. Figures for elevational 
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distribution are interesting as accessory information, 
but not of any fundamental signifieance. 
EpDAPHIC Factors 

The relatively meager information about Hawaiian 
soils is to be found in Hough and Byers (1937), Moir 
et al. (1936), Forster (1939), Winters (1939), and 
Hough, Gile, and Forster (1941). The processes of 
soil development and the classification of Hawaiian 
soils are still in an early stage of investigation. 

The surface deposits listed in a preceding section 
may be regrouped as four general types of parent 
materials: (1) voleanie lava; (2) fragmental voleanie 
deposits other than lava; (3) alluvial deposits; and 
(4) marine sediments. The first three are either 
relatively uniform chemically or derived from mate- 
rials which were uniform. As a favorable substratum 
for vegetation, it is most important that a friable 
unconsolidated material oceur, whether or not this 
has been weathered. The fourth parent material, 
generally reef limestone, affords an unusual situation 
in that solution of the rock is apparently the domi- 
nant weathering process. In the event that relatively 
few impurities occur, the surface may remain almost 
«as bare and devoid of soil as are the reefs swept by 
waves. Trees and shrubs will germinate in small 
holes and niches, their trunks later entirely filling 
the cavity. Thus, although a forest cover may be 
complete, there may be no understory, since there is 
no place for additional root systems of lesser vegeta- 
tion to develop. 

Physical weathering is the process which produces 
the friable substratum on consolidated deposits that 
is so necessary for the development of vegetation. 
Although no accurate studies exist on the subject, it 
is the author’s opinion that under the tropical con- 
ditions of the lowland—and even more so of the 
upland—weathering oceurs rapidly. A_ significant 
amount of soil is formed each year, and as often is 
washed from the bare land by the torrential rains 
that come for a few days in each winter. <A type 
of equilibrium thus exists in which the annual inere- 
ment is not retained because of lack of vegetation, 
which condition in turn tends to prevent the estab- 
lishment of vegetation. One of the most important 
phases of land management on the critical submar- 
ginal land should be the conservation of this annual 
increment by such mechanical conditions as a mulch 
of brush or of pineapple waste, or by the encourage- 
ment of the vegetation by elimination of grazing. 
There is every indication tthat once rock erosion is 
arrested, development towards an entirely new equi- 
librium will be rapid. 

Chemical weathering produces significant changes. 
Aluminum, iron, and titanium are the least soluble 
components; silicon and bases are the most soluble. 
In a mature soil, the particles are probably nearly 
all colloidal in size. 

Profile differentiation is but poorly marked, and 
differences depend on the chemical composition of 
the horizons. Only two types have been tentatively 
proposed: one, occurring in the dry lowlands, called 
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the “uniform profile,” has developed uniformity in 
respect .to content of silicon, iron, aluminum, and 
titanium ; the other, the “podsolic profile” of the humid 
regions, in which titanium decreases downward, 
aluminum increases downward, iron is lowest at the 
bottom and highest next to the top, and silicon is 
lowest at the level of maximum iron content or just 
below. 

The classification of Hawaiian soils by Forster 
(1939) shows a correlation with precipitation and 
with the vegetation zones. Mature mountain soils, 
reported to have a depth of 15 meters (50 feet) on 
Lanai (Stearns 1940), differ from lowland soils in 
having greater depth, greater colloidal content, a 
chemical profile, lower temperature conditions, higher 
moisture content, and lower pH. It is impossible in 
the present state of knowledge to recognize more 
than a general correlation of zonal soil conditions 
with the vegetation types. 

Soil erosion in some instances is as conspicuous 
as it is in the Piedmont region of the eastern United 
States, and as such has attracted the attention of 
government agencies. In other instances, and with 
southeast Oahu in mind, the author is of the opinion 
that the gravity of the situation is entirely over- 
looked (Egler 1941). Relict soil patches on Kalu- 
anui Ridge, Koko Head, and on the erest of the 
Koolau range (Fig. 10) indicate the rapidly vanish- 
ing fragments of a previous era. Furthermore, the 
alluvium in the flat-bottomed valleys appears to have 
had a very recent and sizable increment, although 
deposition is inactive at this time. For example, a 


large open area exists in the Prosopis forest in 





Fic. 10. Soil erosion. 
zone, Koolau divide at Kaluanui Ridge. 
1/25/37. 


FRANK E. EGurer 


Needles point to last two remnants of the soil-mat that once covered this area. 
This is potential forest-bearing watershed land, if managed properly. 


Ecological Monographs 

Vol. 17, No. 4 
Kalama valley, the edges of which for some distances 
back is compesed of trees buried to their crowns in 
very recent deposits. In addition, the old Hawaiian 
fish ponds, formed by walling in shallow areas of the 
sea, have been filling with sediment at a rapid rate, 
and numerous instances have been reported of the 
death of corals due to smothering by mud. As sup- 
ported by observations of the author in other coun- 
tries, it would appear that soil erosion on Oahu has 
been active and that the land has reached a new 
equilibrium which is even more in need of conserva- 
tion practises than land in which erosion is still 
oceurring. 

GRAZING Factors 

Grazing, directly and indirectly, is second only to 
precipitation in its importance as a factor effecting 
the segregation of Hawaiian vegetation types, the 
physiognomy of the types, and the institution of far- 
reaching soil changes that result in new equilibria. 
The native Hawaiian forest originated endemically 
in a land where there were no large grazing or 
trampling mammals. For reasons discussed below, 
the native vegetation is unable to survive the intro- 
duction of such animals. 

Even though the nature of the original lowland 
forest is now veiled in obscurity, it would appear 
that between the early Hawaiians and the cattle, 
goats, horses, pigs, and sheep, most woody plants 
were more or less palatable. Their destruction was 
followed by loss of the soil, and the resulting equi- 
librium is still in existence. The indigenous Acacia 
koa has recently been shown (Baldwin and Fager- 


a 


Koa 














October, 1947 


lund 1943) to be readily taken by cattle on Hawaii 
island, and grazing in forests of this species com- 
pletely inhibits the normally prolifie sucker repro- 
duction. Cattle grazing in the past has restricted the 
development of the alien and highly palatable Leu- 
caena vegetation, but now this plant is sweeping over 
the slopes, completely changing the physiognomy of 
the areas it invades. 

The native mountain forest has long been consid- 
ered, and justifiably, as a vegetation in delicate 
equilibrium. The indigenous trees are generally 
shallow-rooted, and the forest floor is protected by 
a dense undergrowth of ferns, lianas, and young trees. 
Destruction of this undergrowth causes a drying of 
the surface, resulting in eventual death of the over- 
story trees, and disintegration of the forest. It is 
essential to realize that such disintegration may con- 
tinue and gain momentum long after the original dis- 
turbing cause has been removed. Temporary disturb- 
ance, for example, may not immediately produce a 
noticeable effect, but the entire stand may die some 
“years later. Furthermore, openings in the forest are 
associated with a drying of the surface of the adjacent 
stand, causing death and drying of still adjacent sur- 
faces. Thus forest disintegration tends to expand een- 
trifugally and to advance up the mountain slopes, with 
no continuing initial cause. The succeeding grassland 
and savana is essentially stable, and the conventional 
concept of “succession back to climax’? becomes inter- 
esting, but irrelevant. The role that grazing animals 
1ave played in this disintegration is paramount. A 
tabu was placed on the killing of stock in early years, 
and eattle, goats, sheep, and pigs became feral, multi- 
plied abundantly in the mountains, and instituted a 
series of extraordinary changes the results of which 
are continuing today. There are now no wild eattle 
and sheep on Oahu and only a few small bands of 
wild goats. Wild pigs, however, are locally numerous 
and so severcly destructive to certain areas of forest 
that their control should be a matter of immediate 
concern to the island authorities. 

Pyric Factors 

The role of fire in Oahu vegetation was probably 
significant in the lowlands before the advent of Euro- 
peans. There are various reports of the use of fire 
by the Hawaiians, including that of the sport of 
rolling burning barrels of tar down the grass-covered 
hillsides. Furthermore, the abundance of pili grass, 
Heteropogon contortus, in those decades, its relative 
scarcity now, and the statements of Hillebrand (1888) 
that the flat lowlands were a savana with seattered 
trees and shrubs all indicate—insofar as the author 
knows the nature of the species—that the vegetation 
was frequently burned and was in adjustment with 
fire. If so, it must be assumed that the edges of the 
rain forest tended to regress. 

The role of fire today is insignificant. At the time 
of this investigation, no burns oceurred or had oe- 
curred recently. Some years before, a fire had swept 
a tract along the Pupukea trail in northern Oahu 
outside of our area, part of which has returned to 
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pure Acacia koa. Inasmuch as the establishment of 
pure koa stands, such as widely characterized the 
lower rain forest of Hawaiian times, has not been 
otherwise observed by the author, the study of this 
tract is important and may reveal a critical rela- 
tionship. 

In conclusion to this discussion of floristie and 
environmental controls, it may be said that the plants, 
the animals, the geology, the soil, the weather, and 
the effects of the passage of time in southeast Oahu 
have become integrated to form spatial stabilized 
“organisms” (ecosystems) which for purposes of this 
paper are recognized as vegetation-zones. These 
seven vegetation-zones are most closely correlated 
with quantity of precipitation, with differences in 
flora, and differences in growth of the floristic ele- 
ments (the species), as shown in Figure 3. Vegeta- 
tion physiognomy, temperature, geology, and soils 
are all of secondary importance in this region. Each 
of these vegetation-zones possesses its own character- 
istie complex of plant communities. Furthermore 
these seven zones may be united into two major 
groups, the xerotropical and pluviotropieal zones, 


paralleling the two floristic-areas previously de- 
scribed. The nature of the division between these 


two groups of zones is discussed in the following 
section. 


VEGETATION OF ARID SOUTHEAST OAHU 
THe Merriam Moisture LINE 

A greater importance is attached to the separation 
between the xerotropical and pluviotropical zones 
than to the other divisions between the seven vege- 
tation zones. This important division is here desig- 
nated as the Merriam moisture line, as it is believed 
to be an ecologie counterpart of that which Merriam 
recognized, though without emphasis, as separating 
the humid Carolinian and Austroriparian zones of 
eastern North America from the arid Upper and 
Lower Sonoran zones of the West. The mapping of 
this line on Oahu was a major problem in the field 
investigations, yielding information of practical im- 
portance. The results of the field mapping are shown 
in Figure 11. 

The Merriam moisture line on Oahu separates the 
dry from the wet regions. As one aspect of this 
moisture phenomenon, dry region species sometimes 
extend mountainward along the crests of the ridges, 
and wet region plants extend seaward along the 
eulches and stream banks where soil water is locally 
present. Vegetationally, however, the distinction be- 
tween the two regions is even more distinet than it 
is floristically, due to the predominance in the arid 
parts of Tricholaena grasslands and Leucaena thick- 
ets, and in the humid parts of Paspalum orbiculare 
grasslands, of Dieranopteris (uluhi) fernlands, and 
of Psidium littorale (waiawi) forests. The 
graphic position of the line on the general uplands 
of Oahu is one of the most distinct of such lines with 
which the author is acquainted in any country, the 
transition commonly oeeurring within a few hundred 
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feet, and often less. In at least one instance, an 
observer at a erest may stand over the line, with a 
foot in each region. Generally the line may be ob- 
served from an opposite ridge, clearly discernible at 
a distance of half a mile. 

The moisture line in general approximates the 
position of the 130-150 centimeter (50-60 inch) iso- 
hyets. It may or may not be significant that these 
isohyets represent the conditions on Oahu where the 
precipitation approximates the evaporation. 

The moisture line bears no constant correlation 
with any elevation above sea level. Within the area 
of study, the line repeatedly cuts across valleys and 
ridges with a loeal relief of 150-225 meters (500-750 
feet). It erosses Manoa Valley at an elevation of 
only 45 meters (150 feet), whereas it crosses the 
Koolau divide 375 meters (1,250 feet) above sea level. 
At no time does it parallel any contour line for any 
significant distance (Table 1). 


TABLE 1. Altitudes of the Merriam moisture line at 
consecutive stations from Nuuanu east to the Koolau 
erest, showing the lack of correlation of the vegetation 
line with elevations above sea level. 
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The local configuration of the line reveals that with- 
out exception it bends seaward as it passes over the 
ridges, and projects up-streamward as it crosses the 
valleys. On the assumption that the isohyets are 
smoothly concentric around the Koolau dome, this 
sealloping provokes consideration. Furthermore, 
assuming that crest conditions are more xeric than 
those of the coves, the line should project mountain- 
yard as it passes over these ridges, directly contrary 
to what actually oceurs. In the absence of conflicting 
data, it is suggested that cove-to-crest elevations of 
150-300 meters (500-1,000 feet) are correlated with 
thermal differences sufficient to influence the precipi- 
tation-effectiveness of stations on the same isohyet. 
Consequently pluviotropical vegetation can thrive 
farther seaward at the higher elevations, where the 
lower temperatures offset a lower rainfall. 
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It is generally recognized that all land in the wet 
region receives sufficient precipitation to make its 
most valued use that of watershed. If it is desired 
to have within the Forest Reserve all areas of “equal 
watershed value,” it is obvious that the boundaries 
ought to be brought into relationship with the mois- 
ture line, logically on the xerotropical side. At the 
present time, Forest (watershed) Reserve boundaries 
oeeur both within and without this line, with much 
valuable land in the wet region omitted from the 
reserved areas. 

The Merriam moisture line is not coextensive with 
the lower limit of indigenous or semi-indigenous rain 
forest. In the past, much emphasis has been placed 
on the demarcation between mountain forest and low- 
land serub. For any vegetational study, however, it 
must be remembered that the lines separating the 
zones remain essentially stable, even in the face of 
forest disintegration. Within any one zone the vege- 
tation may change from forest to serub, or to grass- 
land; but the zone itself does not thereby change. 
Each zone has its own characteristic forest, serub, 
and grassland types, one or two of which may pre- 
dominate due to secondary effeets. Only the tendeney 
to be emotionally swayed by such obvious but rela- 
tively unimportant differences as the physiognomy of 
the predominant type leads to an emphasis of the 
importance of the lower forest boundary. 

The temporal stability of the Merriam line involves 
the highly controversial subject of the influence of 
the vegetation on climate. The general consensus of 
opinion, particularly among those not acquainted. with 
tropical conditions, is that vegetation has little if any 
effect on the regional precipitation and temperature 
(see Toumey and Korstian 1947 for references). 
Moor (1939) has aceumulated recent information that 
points throughout to the significant effeet of vegeta- 
tion on general climate. To these, the author wishes to 
add the comment of Christophersen (1927), who ob- 
served that on certain low bare sand islands in the 
south seas, approaching rain storms split and passed 
on either side of the island without precipitating. 
Other data indicate, however, that such islands recently 
had borne rain-requiring forests, which had been de- 
stroyed by introduced animals, which in turn died in 
large numbers when the forest died. Also, in Mexico, 
Gill (1931:7) reports that deforestation of the low- 
lands resulted in decreased precipitation there, and 
much inereased precipitation in the foothills, causing 
excessive erosion and floods in the lowlands. Further- 
more, in Guadeloupe, French West Indies, Stehlé 
(1935 :197-198), mentions a situation at the margin 
of the rain forest where precipitation from passing 
clouds fell on each side of the road but not on the 
road itself! The incident was discussed in econversa- 
tion with M. Stehlé, and appears to be a phenomenon 
associated with the drier atmosphere and higher tem- 
peratures over the road. On Oahu, the report is con- 


stantly made that clouds from the top of the moun- 
tain range move down the valleys, never down the 
the trade winds 


lateral crests. Inasmueh as are 
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blowing obliquely, such a phenomenon presents com- 
plications. The author has noted the movement of 
such winds on several occasions. Although the pos- 
sibility of branch wind movements down the lateral 
valleys is not excluded, there is no evidence from the 
movement of clouds at higher levels. On the other 
hand, clouds blown obliquely from the top of the 
range tend to persist as they pass over forested val- 
leys, whereon they visibly dissipate when they pass 
over the intervening deforested crests—thus giving 
the impression that they move down the valley. Ho- 
saka (correspondence, 1944) writes that he has often 
observed the rain clouds sweep over the Koolau 
range at Waipio, disappearing at the native forest 
edge, except where they continue in a mile-long tongue 
out over the Eucalyptus plantations. In conclusion, 
it may be said that no meteorologic data exist in 
Hawaii to indicate any influence of vegetation on 
climate. In the opinion of the writer, however, and 
as indicated by Hosaka’s observations, the influence 
of the vegetation on the absorption and retention of 
radiant energy, together with the influence of trans- 
piration on the moisture content and temperature of 
the atmosphere above, may be sufficient in certain 
cases to determine whether or not oncoming currents 
of air will or will not lose the moisture which they 
bear. The possibility should not be ignored that with 
the development of forests on both sides of the Mer- 
riam moisture line, the line itself may tend signif- 
icantly to move seawards, with a resulting increase 
in the area of important watershed lands. Historie 
evidence of springs and of Hawaiian villages in areas 
now arid imply strongly that desiccation has occurred 
in the past, and that the trends may be reversed by 
proper vegetation management, with economie¢ advan- 
tages of great import. 
FLORISTIC COMPOSITION OF THE VEGETATION 

Floristically, the xerotropical region of southeast 
Oahu is homogeneous, possessing a large number of 
species that are found throughout, and that do not 
extend mountainward for any appreciable distance 
into the pluviotropical region. The arid lowlands are 
remarkable for having a large proportion of alien 
plants which have migrated across the entire region, 
and appear to have established themselves in every 
suitable local site. These species must be considered 
as thoroughly naturalized, in the same degree of 
equilibrium with their environment as the indigenes, 
and no longer to be affected by the age-and-area 
factor. 

The following 24 species occur mainly in the vicinity 
of the ocean, and characterize the maritime vegeta- 
tion of arid southeast Oahu. They are adapted for 
salt tolerance in soil and air, and frequently for dis- 
persal by water. Some of these plants also thrive 
inland, especially where introduced artificially. In 
this and following lists, introduced species are in 
boldface type; indigenous species are in italics. 


Bacopa Monnieria 
Batis maritima 
Boerhaavia tetranda 











Bruguiera sexangula 
Calophyllum inophyllum 
Capparis sandwichiana 
Casuarina equisetifolia 
Coccoloba uvifera 
Euphorbia Degeneri 
Fimbristylis cymosa 
Heliotropium curassavicum 
Hibiscus tiliaceus 

Ipomoea pes-caprae 
Jacquemontia sandwicensis 
Lycium sandwicense 
Portulaca lutea 
Rhizophora mangle 
Scaevola frutescens 
Sesuvium Portulacastrum 
Sporobolus virginicus 
Stenotaphrum secundatum 
Terminalia Catappa 
Thespesia populnea 
Tribulus cistoides 


The following is a list of 60 xerotropical species of 
upland vegetation which, on the basis of several 
floristic lists of each of the valleys and ridges, are 
found in at least 80 percent of the lists. Further 
search in the field would undoubtedly increase the 
length of such a tabulation by including rarer species. 
In this and the subsequent two lists, upland species 
which belong essentially to the humid region and 
which extend seaward only along stream ‘channels 
are not included. Neither are species included which 
are escaped weeds within the city limits of Honolulu, 
nor strand species which have invaded the general 
upland by various “artificial” means, nor species 
common to both arid and humid regions. As now 
recognized, Stachytarpheta cayennensis was not sep- 
arated from S. indica during the field studies and 
both are referred to collectively in this paper as S. 
cayennensis. For similar reasons, Euphorbia multi- 
formis var. manoana and E. celastroides are referred 
to collectively as L. multiformis var. manoana, S porob- 
olus capensis, S. indicus, and S. virginicus are re- 
ferred to as S. virginicus. Lipochaeta lobata and 
L. integrifolia are referred to as L. lobata; Fimbri- 
stylis cymosa and F. cymosa var. pycnocephala are 
referred to as F. cymosa; and Sida fallax and 8. 
cordifolia are referred to as S. fallax. 


Acacia farnesiana 
Ageratum conyzoides . 
Amaranthus hybridus 
Amaranthus spinosus 
Bidens pilosa 

Bidens sandvicensis 
Cassia bicapsularis 
Cassia Leschenaultiana 
Cassia occidentalis 
Cenchrus echinatus and var. hillebrandianus 
Chloris inflata 
Chrysopogon aciculatus 
Commelina benghalensis 
Commelina diffusa 
Crotalaria incana 
Crotalaria mucronata 
Cynodon Dactylon 
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Dactyloctenium aegyptium 
Desmodium triflorum 
Digitaria sanguinalis 
Doryopteris decora var. decipiens 
Eleusine indica 

Emilia sonchifolia 
Eragrostis amabilis 
Eragrostis cilianensis 
Erythrina sandwicensis 
Euphorbia geniculata 
Euphorbia hirta 
Heteropogon contortus 
Indigofera suffruticosa 
Ipomoea congesta 

Ipomoea cairica 

Lantana Camara 

Leucaena glauca 
Lipochaeta lobata 
Malvastrum coromandelianum 
Merremia aegyptia 
Opuntia megacantha 
Oxalis corniculata 
Passiflora foetida and var. gossypifolia 
Peperomia leptostachya 
Phaseolus lathyroides 
Plumbago zeylanica 
Portulaca oleracea 
Prosopis chilensis 

Psilotum nudum 

Ricinus communis 
Santalum ellipticum 
Schinus terebinthifolius 
Setaria verticillata | 

Sida fallax 

Sida spinosa 

Solanum nodiflorum 
Sonchus oleraceus 
Stachytarpheta cayennensis 
Stachytarpheta jamaicensis 
Trichachne insularis 
Tricholaena repens 
Waltheria americana 
Xanthium saccharatum 


The following 104 additional species are found in 
less than 80 percent of the lists made in the field. 
They are uncommon in respect to their distribution 
over the arid lowlands, although where found they 
may be locally abundant. Characteristics of their 
irregular and fortuitous distribution indicate that 
they are in essential adjustment with the environment, 
that their rarity is not due to recent introduction, 
and that they may be expected to remain infrequent 
under the existing conditions. 

Abutilon incanum, individuals oceur sporadically, 
especially in the Kuapa region, often near the ocean. 
According to a recent communication from Degener, 
he erred in equating this species with A. texense Torr. 
& Gray. The Hawaiian plant differs in flower color 
and shape, leaf pubescence, and other features. 

Abutilon molle, individuals occur sporadically, espe- 
cially in the Kuapa region. 

Acanthospermum australe, found only near the Mer- 
riam moisture line, in abandoned pineapple fields. 

Achyranthes aspera, but abundantly 
present. 

Adenanthera pavonina, several seedlings found in a 


rarely, where 
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dense Thespesia thicket at Kuliouou, indicating that the 
species may become established in other forest stands. 

Alternanthera sessilis, established in a cattle paddock 
in Honolulu. 

Amaranthus viridis, occurs throughout the lowland. 
Because of confusion with A. hybridus in the early field 
work, it is not included in subsequent species lists. 

Anagallis arvensis, occasional in open places, some- 
times common where found, frequently in beach sand, 
reputedly poisonous. 

Argemone alba var. glauca, singly and sporadically ; 
possibly more abundant in the past under conditions of 
excessive burning. 

Asystasia gangetica, found only at Hawaiiloa where 
established below Prosopis, and at Kuliouou sandspit 
as a wayside escape. 

Avena sp., locally established in the pili grassland at 
Makapuu and may be only ephemeral. 

Brassica juncea, gregarious, known from Kuliouou, 
and from near Makapuu. 

Caesalpinia crista L., rare, in dry scrub and on rocky 
sites. 

Cajanus cajan, locally established on Round Top, 
probably persisting from cultivation. 

Capsicum frutescens, occasional in Prosopis stands. 

Cardiospermum Halicacabum, established rarely as a 
wayside weed. 

Cassia Gaudichaudii, found sporadically on various 
ridges; no reproduction observed. 

Cassia glauca, locally established in Manoa, and ap- 
pearing to be extremely tolerant of dense shade. 

Cassytha filiformis, occurring rarely in open scrub. 

Catharanthus roseus and var. albus, established sporad- 
ically in rock crevices, 

Centaurea melitensis, established in the Koko region. 

Chenopodium album, occasional, along roadsides. 

Chenopodium murale, occasional on bare sites and at 
waste places. 

Chenopodium oahuense, frequently on the dry crest of 
the extreme eastern Koolaus. 

Chloris Gayana, a wayside plant at Hahaione, giivng 
no evidence of invading the semi-natural vegetation. 

Chloris radiata, occasional along roadsides, but appar- 
ently not invading the semi-natural vegetation. 

Cocculus Ferrandianus, occasional on open slopes near 
the Merriam moisture line. 

Colocasia esculenta var. antiguorum, locally estab- 
lished on Round Top, probably persisting from culti- 
vation. 

Coronopus didymus, found sporadically in open Pro- 
sopis stands and on ridges. 

Cuscuta sandwicensis, occurring rarely in open scrub. 

Cyclospermum leptophyllum, established as a_ street 
weed, in Honolulu and east to Wilhelmina Rise. 

Cyperus auriculatus, common in the basin of Diamond 
Head crater, not found elsewhere. 

Cyperus javanicus, occasional as a wayside weed and 
on sandy areas near the sea. 

Cyperus laevigatus, sporadically on open sandy sites. 

Cyperus rotundus, occasional, along roadsides; abun- 
dant at some stations. 

Cyperus trachysanthus, appearing abundantly after 
heavy rains. 

Datura Stramonium, occasional in overgrazed pastures, 
especially in Koko region. 

Desmanthus virgatus, forms dense low colonies along 
roadsides at various localities, not appearing to invade 
semi-natural vegetation, nor withstanding much shade. 
Digitaria pruriens, found near the Merriam moisture 
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line, and may be an invader from the humid region. 

Digitaria violascens, found near the Merriam moisture 
line, and may be an invader from the humid region. 

Dodonaea viscosa, found on Koko, Hawaiiloa, Kulepi- 
amoa, Waialae Nui, and Kuliouou; seen colonizing only 
once; apparently an intolerant pioneer species. 

Dolichos Lablab, locally established on Round Top, 
probably persisting from cultivation. 

Echinochloa colonum, frequent on eroding soil sub- 
merged after rains, and along ditches. 

Echinocholoa crusgalli var. crus-pavonis, found sporad- 
ically, in small colonies. 

Eragrostis variabilis, of irregular occurrence, fre- 
quently a local dominant, and possibly to be found on 
all the windy ridges. 

Erechtites hieracifolia, occurs rarely in streambeds and 
possibly adventive from the humid region. 

Erigeron canadensis, occasional as a wayside plant. 
Sterile specimens may be separated from EF. albidus by 
leaf base features. Adaxial surfaces of leaves of E. 
canadensis have a white midrib which widens abruptly 
to a deltoidal base not more than twice as long as wide, 
the leaf is clasping; midrib of EH. albidus widens grad- 
ually to a white petiole, to 1 centimeter long. The spe- 
cies differ also in stature and in length, breadth, color 
and serrations of leaves. 

Eugenia Cumini (Java plum), common in the semi- 
arid regions elsewhere; sporadic in southeast Oahu and 
giving no evidence of becoming more abundant except 
in the higher zones. 

Euphorbia multiformis var. manoana, found at Kulli- 
ouou, West Niu, and Hawaiiloa, and probably occurring 
sporadically on other ridges. 

Euphorbia hypericifolia, frequent as a roadside weed. 

Euphorbia prostrata, frequent as a roadside weed. 

Flaveria trinervia, locally established near the beach 
between Kahala and Wailupe; first report for Hawaii; 
apparently recently introduced and actively colonizing 
in 1937. 

Franseria strigulosa, locally established as a wayside 
weed in Honolulu. 


Galinsoga parviflora, rare, as at Round Top and 
Diamond Head, but abundant where present. 

Gnaphalium purpureum, rare, as a wayside weed. 

Gomphocarpus physocarpus, rare and singly where 


present. 

Gomphrena globosa, sporadically established east of 
Wailupe and on Wilhelmina Rise. 

Gossypium barbadense, occasional, spreading locally 
from plantings. 

Gossypium tomentosum, common in Koko crater; rare 
elsewhere. 

Gynandropsis gynandra, occasional in Prosopis stands, 
and along roadsides, 

Ipomoea Batatas, locally established on Round Top, 
probably persisting from cultivation. 

Lepidium auriculatum, found sporadically, especially 
on Koko Head. 

Lycopersicum esculentum var. cerasiforme, occurs only 
rarely, although abundant in other parts of Oahu. 

Malva parviflora, occurs rarely on roadsides and waste 
places. 

Manihot esculenta, locally escaped from plantings on 
Round Top. 

Marsilea villosa, appearing abundantly on certain occa- 
sions following heavy rains (fide Degener). 

Medicago hispida, known only from Makapuu, al- 
though probably occurring sporadically elsewhere. 
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Medicago sativa, sporadically established in open 
herbaceous vegetation. 

Momordica balsamina, rare and singly where present. 

Morinda citrifolia, rare, apparently a relie of ancient 
Hawaiian cultivation. 

Muhlenbergia microsperma, common along roadsides 
in the basin of Diamond Head; not seen elsewhere. 

Myoporum sandwicense, occurring rarely along the 
beach and on the arid slopes. 

Nicandra Physalodes, occurring rarely in open Pro- 
sopis stands. 

Osteomeles anthyllidifolia, occasional on dry grassy 
slopes at the higher elevations of the arid zone. 

Panicum nubigenum, possibly confused in the field 
with P. Fauriei, frequent on the open slopes of Koko, 
but not found elsewhere. 

Panicum torridum, occurring sporadicaily to com- 
monly on the slopes of the Koko region, but giving no 
evidence of increasing in abundance; not shade tolerant. 

Paspalum dilatatum, found near the Merriam Moisture 
line; though clumps appear to be established, it gives 
no evidence of actively spreading. 

Paspalum fimbriatum, found frequently as a wayside 
weed; occasional as a rock crevice plant on the slopes. 

Paspalum Urvillei, found near the Merriam moisture 
line; though clumps appear to be established, it gives 
no evidence of actively spreading in the arid region. 

Passiflora edulis, found at Diamond Head and Palolo. 

Passiflora foetida var. gossypifolia, well established at 
Diamond Head and on the Kalama lava, but not seen 
elsewhere. 

Pennisetum setosum, locally spreading from a planting 
on Kapalama in the upper xerotropical region; not 
known to be escaped in southeast Oahu. 

Phyllanthus Niruri, occurring rarely as a wayside 
weed, 

Plantago major, occurring rarely in open kiawe stands. 

Polypodium Phymatodes, occasional among rocks on 
the valley sides. 

Portulaca villosa, found only on the summit of Koko 
Head, where its ecologic position is obviously that of 
an intolerant pioneer herb. 

Psidium Guajava, occurs as a small shrub in the pas- 
tures of the moister parts of the arid zone. More 
abundant and of larger stature where more rainfall. 

Pteris longifolia, occasional in rock crevices at road- 
cuts. 

Reynoldsia sandwicensis, found on Koko and Wili- 
wilinui; no signs of reestablishment from old decadent 
trees, 

Salvia occidentalis, established in the gulch west of 
Mauna O Ahi and at the Koko blow hole. 

Schiedea oceasional on rim 
crater. 

Setaria geniculata, probably a local invader from the 
humid regions. 

Solanum sodomeum, 
pastures. 

Sorghum bicolor, rarely as a wayside plant, more abun- 
dant in humid regions. 

Spergularia marina, on open sites at Waikiki, Kuli- 
ouou, Kaluanui, Kuapa bar, and Koko crater, usually 
common where found, 

Sporobolus diander, found rarely as a wayside plant. 

Sporobolus elongatus, occurs sporadically on open flat 
sites, 

Stachys arvensis, found only on the Koko complex, 
where it sometimes becomes common. 


globosa, of Kahauloa 


océasional, in overgrazed arid 
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Stenotaphrum secundatum, naturalized in humid re- 
gions and occasionally established on the upper parts 
of sandy beaches. 

Synedrella nodiflora, found sporadically as a wayside 
weed and in stream beds, sometimes common where 
present. 

Tecoma stans, established at one station on Round 
Top, but not spreading actively. 

Tephrosia purpurea, found at Diamond Head, Kalama, 
Kamehame, and Kaluanui, on somewhat open sites, 
locally frequent. 

Verbena litoralis, occasional, on deep low soils. 

Veronia cinerea, occasional, along roadsides. 


The following 24 additional species are found 
abundantly at one or a few localities, occasionally 
in the vicinity of each, and absent from apparently 
similar sites elsewhere. They appear to be recent 
local immigrants, still increasing in abundance, and 
not yet fully naturalized. 


Albizzia Lebbeck has spread mountainward of Punch- 
bowl, but does not appear to be actively aggressive. It 
does not significantly affect the vegetation below it. 

Alysicarpus vaginalis, found on the Koko complex, 
where it is common in the open scrub vegetation and is 
probably in process of invading other regions. 

Atriplex semibaccata is common on the west side of 
the Koko complex and is found west to Kuliouou. It 
occurs on bare soils in the Prosopis forests and its spread 
may be retarded by dense lesser vegetation. 

Brassaia actinophylla has become established at 
Manoa, Round Top, Kaneolohe, Moleka, always near the 
upper limit of the xerotropical region. 

Bryophyllum pinnatum, forming small patches below 
koa-haole, near the Merriam moisture line. 

Canthium odoratum, found sporadically in the mois- 
ture areas, and common on Hawaiiloa, Waialae Nui, and 
Kamehame. It appears to be slowly invading parts of 
the upper arid region, from which it may have been 
destroyed by browsing in past decades; apparently not 
taken by cattle. 

Casuarina equisetifolia, frequently planted on the 
ridges. Planted at Makapuu, from where it is escap- 
ing. Possibly destined to dominate the vegetation on 
open spray-swept sites. 

Commelina benghalensis, common in the Koko region, 
highly palatable to stock, possibiy increasing in abun- 
dance. 

Cucumis dipsaceus, a constant component in the open 
scrub of the Koko region, and may be spreading into 
adjacent dry regions. 

Digitaria Henryi, well established in the upper 
region of Honolulu, east to Wilhelmina Rise, and 
be expected to spread into southeast Oahu. 

Euphorbia heterophylla, occurs from Kuliouou to 
Kapakahi. It is locally common and probably fluctuates 
in abundance from year to year. 

Fourcraea gigantea, established in various places near 
Honolulu. The colony spreads and invades various shrub 
types, although it does not appear to become widely 
dispersed over the slopes. 

Hyptis pectinata, found in the upper arid region, at 


arid 
may 


Manoa and Wilhelmina Rise, where small colonies are 
thriving. 
Melinis minutiflora, established near the Merriam 


Waialae Wiliwilinui, Niu, 


Nui, 


moisture line on west 
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Kuliouou, the gulch west of Mauna O Ahi, and may 
become abundant in the future. 

Ocimum basilicum, occurs from the Koko complex west 
to Hawaiiloa. It commonly develops a solid stratum, 
one meter in height, both in the open and under Prosopis. 
It is unpalatable to stock, and may be actively spreading. 

Panicum maximum, spreading slowly, probably from 
local plantings; on slopes and sand benches. 

Paspalum vaginatum, dominant along brackish stream- 
sides at Kailua in a protected tidal flat; a species pos- 
sibly capable of spreading in parts of Kuapa Pond. 

Pithecellobium dulce, spreading elsewhere in dry val- 
ley bottom pastures, but not so observed east of Hono- 
lulu. 

Pluchea indica, found sporadically throughout the 
southeastern lowlands, except for the Prosopis forest on 
sand at Kuliouou which it appears to be invading ag- 
gressively, and on the coral fill at Waikiki where it is 
abundant. 

Pluchea odorata, singly and occasionally on the coral 
fill at Waikiki; sporadically in the foothills. 

Reichardia picroides, found at low elevations from 
Wailupe to Koko, where it often becomes very abundant 
in open weedy vegetation. Apparently it has not yet 
become established in other parts of the southeastern 
arid lowlands. 

Sapindus oahuensis, occasionally in the region stud- 
ied. Its development in the Waianae range would indi- 
eate that if introduced or permitted to spread, it might 
give rise to dense forests in the upper dry region. 

Cereus grandiflorus, has become established in the 
dense koa-haole thickets on the lower slopes of Round 
Top. It forms dense impenetrable tangles in combina- 
tion with the woody plants, but appears to spread only 
vegetatively. 

Verbesina encelioides, occasional along roadsides from 
Diamond Head and Kaimuki to Kapakahi, but giving 
no evidence of establishing itself in the semi-natural 
communities, 


CoMMUNITY CHARACTERISTICS OF THE VEGETATION 
. MARITIME VEGETATION 

Maritime vegetation is that vegetation in which the 
maritime flora predominates. This maritime flora in 
southeast Oahu mingles with the upland floras in 
areas near the sea belonging to both Makai (driest) 
and Middle Koa-Haole zones. Since the resulting 
maritime vegetation is essentially uniform through- 
out, it is here discussed as a single unit. 

Observations of the maritime belt in southeast Oahu 
indicate that its mountainward mauka boundary is 
generally independent of ecologic controls and is very 
indefinite. That is, edaphie and atmospheric factors, 
although they play a role in limiting the seaward 
makai extension of non-maritime communities, do not 
on the other hand control the mauka limit of most 
strand plants. Fortuities in terrestrial migration 
account for the highly irregular and unpredictable 
distribution of strand communities. Such irregulari- 
ties of dispersal also account for a multitude of out- 
posts of typieal ocean-side species well within the 
confines of non-maritime vegetation, where their indi- 
vidual growth is often better than normal but where 
further spread is retarded. For example, the typ- 


ically strand Jacquemontia is now found along many 
It is assumed that it 


eow-trails in the arid region. 
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is distributed by cattle; invasion away from the 
trails is but rarely observed. 

Although both upland and maritime floras mingle 
indiscriminately on many sites near the ocean, there 
are certain land-types which develop predominantly 
maritime vegetation. These are six in number: tidal 
flats, rock shores, spray-swept bluffs, spray-swept 
uplands, sand beaches, and sand benches. Their dis- 
tinguishing characteristics are shown in Figure 12. 
Their vegetation is discussed in the following para- 
graphs. 

Tidal Flats 

These sites, referred to as tidal marshes in temper- 
ate regions, are most abundant in Kuapa Pond, and 
are also found at Wailupe Pond, Niu Pond, and 


FRANK E. EGLeErR 


Ecological Monographs 

Vol. 17, No. 4 
Kuliouou sandspit. They include areas of shallow 
water, either perpetually flooded or flooded at high 
tide. The substratum varies from ecaleareous sand to 
reddish alluvium and black clay, but apparently has 
little if any influence on the seedplant communities. 
Where fresh water springs enter the tidal flats, vari- 
ous communities of emergent aquatics develop which 
were not investigated in detail. Since no original 
vegetation of the tidal flats has been reported, nor 
any indigenous seed plant known to thrive on the site 
(except Ruppia in brackish water, fide Degener), the 
flats are believed to have been devoid of extensive 
plant communities other than algae and fungi. The 
changes in physiognomy that the tidal flats have 
undergone and are undergoing emphasize the depend- 
ence of physiognomy upon changing floristies. 
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The six maritime land-types of southeast Oahu, which bear distinctively maritime vegetation. 
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The Batis Meadow 

Batis maritima was introduced previous to 1859, 
became established in the strand flora, and is now 
found on all available sites. The community is essen- 
tially monospecific. The plant is semi-herbaceous, 
with woody prostrate stems and small succulent leaves 
oval in cross-section. In appearance the vegetation 
is a level meadow, monotonous to the eye in color 
and form, and occurring from sea level to water 
depths of about two feet (Fig. 13). One walks on 
the surface of this vegetation, over a mat of prostrate 
intertwined stems that may be two feet thick. The 
community acts as a factor in physiographic develop- 
ment. The velocity of silt laden water is much re- 
arded while flowing through the mass, and the load 
tends to be dropped quicker than would otherw:se 
be the case. In several places in Kuapa Pond are 
spots of 25 meters (70 feet) or more in diameter in 
which the Batis has died. The growth is most lux- 
uriant at the margins near the open water, and grad- 
ually becomes depauperate towards the center of the 
spot. There are indications that the dead spots are 
slightly lower in elevation than the general level. It 
is suggested that the greatest precipitation of silt is 
at the margins near open water, that playa-like basins 
thus oceur back from the edges which, during the 
course of tidal changes and evaporation, accumulate 
salt to a concentration detrimental to plant life. 





Fic. 13. 


Batis meadow. 


Tidal flats, showing 
Several 
very small Rhizophora plants on the right at water’s 


Maritime vegetation. 
Mud and water in foreground. 


edge. Kuliouou ridge at left; Mauna O Ahi Ridge to 
right. Prosopis forest behind Batis meadow. Photo by 
R. J. Baker, pre-1937. 


The Mangrove Forest 

Several species of mangrove were introduced on 
Molokai The propagules of some 
of these were swept across the 100 kilometer (60 
mile) channel to Oahu and today Rhizophora mangle 
and Bruguiera oceur on all available sites of south- 
east Oahu. The trees are still small, not over 2 meters 
high, and sparsely distributed. Nevertheless they are 
growing rapidly, reproducing abundantly and give 
indications of effecting a change as sweeping, as com- 


some years ago. 
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plete, and as striking as any which has occurred in 
the Hawaiian Islands. 

Rhizophora mangle is suited to all sites on which 
3atis develops as well as to areas of deeper water, 
and it is reasonable to expect that it will invade them 
all. The trees form a dense closed forest, already 
10 meters tall at stations on the windward side of 
the island. Since in southeast Asia they are known 
to reach far greater heights, and inasmuch as Oahu 
is not frequented by hurricanes, one may expect great 
changes in the physiognomy of the tidal flats through 
the establishment of this tree. The new community 
may prove to be of economic value, since in other 
countries it supplies firewood, lumber, tannin, and 
serves as a substratum for oyster beds. 

Summary of Tidal Flats History. 1. Pre-Hawaiian 
and Hawaiian communities of Ruppia, algae, fungi, 
and sessile animals, in shallow water. 2. Introduction 
of Batis, pre-1859. 3. Development of pure Batis 
meadows. 4. Introduction of mangroves, 1902 and 
1922. 5. Current development of mangrove forests. 
6. Trends: replacement of all Batis meadows by 
mangrove forests. 

Rock Shores 

Consolidated deposits occur along the shére at 
Diamond Head and more or less continuously from 
Koko Head to Makapuu. These sites are entirely 
in the Makai Koa-Haole zone, with precipitation 
probably varying between 50 and 75 centimeters (20 
and 30 inches) a year. The substratum is composed 
both of lava flows and of consolidated fragmenta] 
deposits. 

The rock shores above the water’s edge and in a 
belt up to 10 meters in width are washed by all storm 
waves and are uniformly unfavorable to vegetation 
(Fig. 14). The sparse plant life, although poorly 
integrated, may be designated as the Sesuvium- 
Sporobolus Herb Community. 





(raised 
coral reef), showing thicket of Thespesia populnea, with 
the trees growing in the small holes of the limestone. 


Fic. 14. Maritime vegetation. Rock shores 


No soil on the rock. Popoia Island, 8/15/37. 
The Sesuvium-Sporobolus Herb Community 
Only two strand plants appear to be successful on 
this site. Sesuvium portulacastrum is found sporad- 
ically in crevices often close to the water, sometimes 
forming mats on flat places 0.5-1.0 meters across. 
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Sporobolus virginicus will be found wherever there 
are thin accumulations of sand on the rock. Under 
certain conditions its forms a fairly extensive turf 
10-15 centimeters (4-6 inches) high. Various other 
species of the strand flora are apt to be found, but 
none are constant. 
Spray-swept Bluffs 

Above the rock shores at Diamond Head, Koko, 
and Makapuu are cliffs forming a band the horizontal 
width of which varies considerably depending on the 
intensity of wave action and the direction of the 


winds. The zone is but a few meters wide on some 
sites, and increases to 100 meters (320 feet) at 
Makapuu. The height above sea level to which this 


site may extend depends on the same factors; at 
Makapuu it reaches 130 meters (415 feet). The line 
of demarcation between the vegetation of this site 
and that inland is usually extremely abrupt and very 
obvious. For example, the 130 meter summit at the 
south end of Makapuu, around which passes the road 
to the lighthouse, shows maritime vegetation on the 
windward east side and inland vegetation on the lee- 
ward west side. The distinguishing characteristics 
of the site for plant life are not those of precipita- 
tion, temperature, substratum, or altitude. All field 
evidence points to the fact that this area is swept at 
irregular intervals by clouds of salt spray. This salt 
spray impinges on the windward surfaces and de- 
stroys many species of plants. The floristic com- 
position as well as the frequency and abundance of 
the plants is apparently controlled by this factor. 


The Jacquemontia-Lipochaeta-Atriplex Herb 
Community 

The cliffs below Makapuu lighthouse show the best 
development of this type of vegetation. Due to the 
active wave erosion at the base, the slopes are kept 
precipitous, and no soil remains in situ except small 
accumulations on rock ledges. The combination of 
salt spray, bare rock, drying winds, and arid climate 
is extremely unfavorable. Only a few ‘species oceur, 
and these in the aggregate form a cover of less than 
1 percent. Jacquemontia sandwicensis, Lipochaeta 
lobata, and Atriplex semibaccata are most predomi- 
nant. Other species that are found sporadically are 
Myoporum sandwicense, Scaevola frutescens, Helio- 
tropium curassavicum, Boerhaavia tetranda, Ipomoea 
pes-caprae, and Tribulus cistoides. 

A Panicum purpurascens phase appears where 
drainage water from the lighthouse settlement seeps 
down a shallow gulch. A dense mass of this grass is 
developed in a strip about 10 meters wide, and gives 
an indication of what general difference might be 
expected on spray-swept bluffs under a high pre- 
cipitation. 

The Casuarina Forest 

There are no indications that the original vegeta- 
tion of these bluffs was more advanced or more lux- 
uriant than that which occurs today. Suecessional 
trends, however, indieate a striking and unorthodox 
alteration. Casuarina equisetifolia has been planted 
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near the lighthouse and 10 or more volunteers were 
found on the rock bluffs, growing quickly and well 
(Fig. 15). This valuable Australian tree is known 
to grow rapidly elsewhere, and is the tallest and 
straightest woody plant today in the arid regions. It 
maintains its erectness even on windy and sprayed 
sites, and it fruits abundantly, but is only rarely 
found as a volunteer on inland rock outcrops. Its 
great tolerance to salt spray, however, and the avail- 
ability of bare sites make these bluffs especially 
suitable. There is no indication that the develop- 
mental trend will not continue. <A succession in one 
step will then have occurred on one of the most un- 
favorable sites of upland Oahu from essentially bare 
rock to the tallest forest of the entire dry region. 


%, 
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Fic. 15. Maritime vegetation. Spray-swept bluffs, 
showing Jacquemontia-Lipochaeta-Atriplex community. 
Several Casuarinas are in the photo, about six feet tall. 
Elevation .of the lighthouse is approximately 400 feet. 
Makapuu Head. Sept., 1937. 


This species does not reproduce below itself, and 
stands for many years will remain bare of all vege- 
tation, comparable to conditions under voung conifer 
plantations in north temperate regions. From ob- 
servations in other countries, it would appear that as 
the stand becomes senile, other spee’es will invade 
and since the Casuarina foliage will protect the land 
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surface from salt spray, even further vegetational 
changes will be expected in the future. 

Summary of Spray-swept Bluff History. 1, A pre- 
Hawaiian and Hawaiian sparse cover of herbaceous 
and low woody salt-resistant lithophytes. 2. Intro- 
duction and naturalization of various species since 
1800. 3. Current bluff vegetation of indigenous and 
introduced species, with no significant change in 
physiognomy. 4. Introduction of Casuarina equiseti- 
folia. 5. Current development of high Casuarina 
forest. 6. Trends: Eventual invasion by shade- 
tolerant and salt-intolerant woody plants, and devel- 
opment of a mixed angiosperm understory. 

Spray-swept Uplands 

Inland from the rock shores and on sites which 
differ from the bluffs only in having gentle slopes 
and frequently a mantle of soil, are spray-swept up- 
lands bearing a distinctive vegetation. This zone is 
variable in width, and seldom exceeds 100 meters 
(320 feet). 

There is a sharp demareation between spray and 
inland vegetation, even on gentle gradients, with rel- 
ative uniformity within the spray vegetation (Fig. 
16). For this reason, it may be assumed that it is 
not the average quantity or frequency of salt spray 
which controls the distribution of the community, 
but its effectiveness in extreme storms as a killing 
agent. Heteropogon, growing at the seaward mar- 
gin of the non-spray-swept uplands, appears strongly 
clipped and oceurs in elongate strips, extending in 
the lee of itself. Lantana is only a few centimeters 
high on the seaward spray-swept side of the demar- 
cation, and 0.5 meters high, strongly clipped, on the 
landward side, often in the spray-shadow of an 
Eragrostis variabilis clump. 





Fic. 16. 
to the right. 
blowhole at 
9/3/37. 


Spray-swept uplands 
Near 
highway. 


Maritime vegetation. 
Heteropogon grassland to the left. 
Koko crater, mauka of coast 


The obviousness of this seaside type lies largely 
in the absence from it of the widespread Heteropo- 
gon, permitting the emergence into dominance of 
numerous other herbs. Where studied near Koko 
crater, the plant life of the spray-swept uplands may 
be referred to a Jaequemontia-Lipochaeta-Sida herb 
community. 
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Fic. 17. Maritime vegetation. 
extending fifty feet behind highway. 


Spray-swept uplands, 
Fimbristylis abun- 
dant on spray-swept swale at center; scattered herbs on 


Heteropogon grassland in background. 
3/22/37. 


rock at each side. 
Coast highway, at Koko Crater. 


Jacquemontia-Lipochaeta-Sida Herb Community 


Jacquemontia sandwicensis, Lipochaeta lobata, and 
Sida fallax are the most important herbs. Fimbri- 
stylis cymosa is locally abundant, forming a turf 
5-10 centimeters high. Cynodon is oceasionally abun- 
dant. Associated herbs are Emilia, Sonchus, Rei- 
chardia, and Chloris inflata. Other herbs and low 
shrubs occur more sporadically, including Boerhaavia, 
Dactyloctenium, Panicum Fauriei, Cucumis, Alysicar- 
pus, Lycium, Cenchrus echinatus var. Hillebrandianus, 
Portulaca oleracea, Waltheria, Lantana, and Indigo- 
fera. The vegetation is a herbaceous type, and ap- 
pears to be essentially in equilibrium. 

The coverage of this community varies consider- 
ably, from 1-5 percent on exposed tuff slopes, to 
80-90 percent on deep soiled gentle gradients. Where 
exposed slopes alternate with soil covered flats, there 
is a conspicuous alternation of phases of this com- 
munity. 

In certain situations, Prosopis has invaded the salt- 
spray grassland as a strongly clipped shrub. In its 
shelter may then be found such plants of the non- 
spray zone as Datura Stramonium, Commelina ben- 
ghalensis, Setaria verticillata, Ageratum, Malvastrum, 
farnesiana, Trichachne, 
Abutilon ineanum, 
further 


Panicum torridum, Acacia 


Merremia aegyptia, Argemone, 
Malva parviflora, and others. No succes- 


sional trends were observed. 
Sand Beaches 

Unconsolidated sand shores extend from Diamond 
ilead to Koko Head and at two loealities between 
Koko Head and Makapuu. The plant life in general 
is too disturbed to show any community relations. 
Furthermore, being on a protected and leeward part 
of the island, wave action is at a minimum and salt 
spray is negligible. Branches of the inland forest 
trees may actually extend out over the water’s edge, 
and the then pinched out of 
existence. 


beach vegetation is 
The rapidly growing Ipomoea pes-caprae and the 
slower growing Sesuvium portulacastrum and Sporo- 


holus virginicus are generally predominant. Other 
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distinctive strand plants of sand are Bacopa, Spergu- 
laria marina, Heliotropium, Lycium, Jacquemontia, 
Phaseolus, Boerhaavia, Eclipta, Portulaca lutea, Tri- 
bulus, Fimbristylis, Batis, Stenotaphrum, and Caesal- 
pinia crista. A large number of inland herbs may 
occur with these in varying proportions. Under con- 
ditions of trampling, as along paths, a Cynodon turf 
develops which effectually eliminates most other spe- 
cies. Where this turf is absent, many other species 
appear, among which Sonchus, Reichardia, Emilia, 
Anagallis, and Chloris inflata are predominant. 


Sand Benches 


Locally, behind the open beach are benches of 
unconsolidated sand up to at least 50 meters (165 
feet) in width. Whether or not these benches bear 
maritime vegetation is apparently a matter entirely of 
fortuities in seed dispersal. 

On the extensive sand plain at the foot of Kuliouou 
valley is a Prosopis forest actively acquiring a dense 
understory of the possibly maritime Pluchea indica 
and of the widely naturalized Schinus. In addition, 
Sesuvium of the strand locally forms a dense ground 
cover 25 centimeters (10 inches) high. Such a situa- 
tion may persist for several decades in the absence 
of other invading trees. 

The Prosopis stand here holds a half-way position 
in vegetation development. Its density is of an in- 
termediate degree, but still is too great to permit the 
establishment of young Prosopis. The strand trees 
on the other hand ean germinate and develop in a 
wide range of light conditions, and themselves pro- 
duce a dense shade. Consequently, when they are 
present vegetation development tends towards a 
maritime type. Among these strand trees is Cocco- 
loba, rare as a volunteer in southeast Oahu. Observa- 
tions in other countries indicate that it produces a 
fairly dense shade, possibly greater than that in 
which it ‘can reproduce itself. Terminalia Catappa 
is rare; but one station of a dozen young volunteers 
in a Thespesia thicket indicates that the species can 
become established in shade. Hibiscus tiliaceus, 
planted widely through lower Oahu, develops a 
shady stand. It has not been observed to reproduce 
vegetatively by means of its sprawling branches. 
Volunteer seedlings have been observed only on sand 
under intermediate conditions of light. Thespesia 
populnea is an exceedingly aggressive tree of the 
strand forest. Dense young stands occur frequently, 
below which are Thespesia seedlings of all ages. 
Calophyllum inophyllum probably produces deeper 
shade than any of the above named plants. Single 
Jarge trees will often show almost no plant life be- 
low them, although serub is luxuriant beyond their 
shade. It is interesting that even in this dense 
shade, young Calophylla develop, with no indication 
that they will not continue good growth. In view of 
these conditions one can claim that the developmental 
trend on sand benches is towards a dense strand for- 
est of Thespesia and Calophyllum, but that overland 
migration is very slow and, furthermore, disturbance 
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by man to favor Prosopis is so active that little alter- 
ation actually occurs in southeast Oahu. 


NON-MARITIME VEGETATION 


Non-maritime vegetation in arid southeast Oahu 
includes the entire plant cover of the area except for 
that areally unimportant part already discussed as 
maritime vegetation. 

There are six land-types which are sufficiently dis- 
tinetive to be recognized in a study of this scope. 
Each land-type usually bears distinctive communities 
for each zone. The land-types are briefly described 
below. 

(1) Streambeds of rocky intermittent streams, the 
vegetation of which is frequently characterized by 
plants with stream-borne propagules. These are often 
humid-land plants that are no more than adventive 
in the dry zone and persist for one or a few seasons. 
Because these adventives occurred inconstantly, they 
cannot be used as indicators of zonal affinities, and 
will not be discussed further. 

(2) Streamsides, the vegetation of which is often 
typical of mountainward zones, particularly those of 
streams which have the longest season of flow. They 
might well be considered peninsula-like extensions of 
communities the main mass of which lies in a moister 
area. The situation may be comparable to that of 
the deciduous fringe forest in the prairies of central 
North America. On Oahu, the most important single 
factor permitting the segregation of this type is 
probably stream-borne water which increases the local 
soil supply. It is doubtful if the level of the water 
table is critically different along this very narrow 
zone. Atmospheric and other soil conditions are not 
essentially different from sites away from the stream. 

(3) Flatlands form a single unified complex in the 
xerotropical region, including all flat lands on which 
the soil is deep enough or contains sufficient soil- 
holding crevices for Prosopis to become established, 
and which has sufficient soil moisture for the devel- 
opment of the individuals. Exposure to trade winds 
is apparently not a critical factor, since distribution 
is essentially the same on windward and leeward sides 
of the valleys. Actually, the Prosopis forest covers 
the coastal plain, flows up the flat-bottomed valleys, 
and washes against the steep sides of the ridges. 
From the standpoint of soil, the forest oceurs almost 
equally well on the clayey and sandy alluvia of the 
valleys, on the raised bare reefs almost devoid of 
soil, on the ealeareous sands near the sea, on the 
basaltie talus at the valley sides, and on gentle slopes 
of basalt ridges. 

(4) Coves are best distinguished in the deep ravines 
of the pluviotropical zones. In the arid region, 
these lowermost slopes bear a more luxuriant, but not 
floristically distinet, vegetation than the upper slopes. 
Discussion is not kept separate in the following pages. 

(5) Mid-slopes may be said to include 95 percent 
of all the sloping surfaces. They may or may not 
bear deep soil. Rock outcrops are frequent, espe- 
cially the bluff-like exposures of the basalt flows. 

(6) Crests are most pronounced in the pluvio- 
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tropical region, and may bear an extremely stunted 
and dwarfed vegetation, generally not 4loristically 
different from that of the mid-slopes. The desiccat- 
ing power of the trade winds appear to be a signif- 
icant ecologic factor. Crest vegetation is not discussed 
separately for the arid zones. 

From a vegetational point of view, there are only 
10 predominant species in arid southeast Oahu: 
Acacia farnesiana (klu), Chloris inflata, Heteropogon 
contortus (pili), Leucaena glauca (koa-haole), Mal- 
vastrum coromandelianum, Opuntia megacantha (pan- 
ini), Prosopis chilensis (kiawe), Setaria verticillata, 
Stachytarpheta jamaicensis, and Tricholaena repens. 
With the exception of Leucaena glauca, these plants— 
all alien species except Heteropogon—have become 
fully dispersed over the land, fitting into all avail- 
able niches, and now in equilibrium with the environ- 
ment and with each other. The local vernacular 
names as given above are sometimes used in the para- 
graphs which follow. 

These 10 species have segregated themselves into 
seven communities of outstanding regional importance 
in the non-maritime vegetation of the xerotropical 
region, namely, (1) the Chloris grassland of flat- 


lands, (2) the Heteropogon (pili) grassland of 
slopes, (3) the Acacia-Opuntia (klu-panini) serub of 
slopes, (4) the Tricholaena grassland of slopes, (5) 


the Acacia-Stachytarpheta scrub of slopes, (6) the 
Prosopis (kiawe) forest of flatlands, and (7) the 
Leucaena (koa-haole) scrub of flatlands and slopes. 
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precipitation, there are significant differences in com- 
position and structure. Furthermore, the communi- 
ties frequently have specific moisture requirements 
that may be satisfied by different sites in the different 
zones. For example, a community on mid-slopes in 
one zone will be found on crests in a more moist 
zone, and an open grassland community of one zone 
will oceur under forest in a drier zone. In addition 
to the seven communities mentioned above, numerous 
others might be recognized, but they are not region- 
ally important, often depend upon coincidental domi- 
nance, and deserve less attention. 

On the basis of the distribution of these 
communities in the arid region, on their variations, 
and differences in growth of species, three zones have 
been established, the low and very dry Makai! Koa- 


seven 


Haole zone, the middle Koa-Haole zone, and the 
upper relatively moist Mauka? Koa-Haole zone 


(terminology that of Egler 1937a). The original 
seven communities now serve as indicators for these 


zones (Fig. 18). 
The Makai Koa-Haole Zone 
This zone occupies two separated areas in south- 
east Oahu: (1) all of Diamond Head except pos- 
sibly the highest peaks of the southwest rim, Kahala, 
and most of the Waialae Golf Course; and (2) the 


1 Makai, local English word, from the Hawaiian meaning “‘to- 
ward the sea,’”’ with the connotation of drier, lower, and warmer 
conditions. 

2 Mauka, local English word, from the Hawaiian meaning ‘“‘to- 
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south shores of Kuapa Pond, Koko Head, Koko 
Crater except the upper fourth, possibly the seaward 
end of Kamilonui-Kamiloiki Ridge, most of Kame- 
hame Ridge, all of Kalama-Mauuwaii Ridge except 
its junetion with the Koolau crest, and eastwards to 
Makapuu. The precipitation in this area varies from 
50 centimeters (20 inches) to less than 75 centimeters 
(30 inches). It is a region where annuals are very 
numerous; in some cases these are species which are 
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perennial in more humid zones. Maritime vegetation 
within this zone has already been discussed. Figure 
19 shows graphically the distribution of the predomi- 
nant communities of the Makai Koa-Haole zone. 
Makai Streamsides and Brackish Water Sites 
The Panicum purpurascens Grassland 
A miscellaneous group of stations were studied, all 
characterized by a relatively high water table. These 
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Fig. 19. Graphic presentation of the topographic distribution of the predominant communities in the Makai, 
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have been variously affected by disturbances, usually 
through heavy pasturing. On sueh sites there have 
been observed in zonal arrangement: (1) open water; 

2) a strip of Bacopa in shaliow water; (3) Cynodon 
grasslands, where other species are eliminated by 
periodic flooding; and (4) open klu thickets with 
scattered koa-haole. All of these sites may be treated 
as a group because of their availability to invasion 
by Panicum purpurascens. This grass of moist up- 
lands thrives only on low moist sites in the dry region, 
where its elongating shoots forms a dense blanket of 
vegetation and effects a “steamroller succession” over 
low growth. By developing also as a “leaner” on 
shrubs it is known to kill out klu one meter high and 
to climb into other plants to heights of 3 meters. In 
the course of normal development this grass would 
occupy all sites with adequate moisture, including 
those slightly brackish. The plant is highly palatable 
to cattle, however, and may be grazed down to the 
ground, at which time a variety of other communities 
may emerge such as those listed above. The plant is 
also intolerant of shade and therefore one may ex- 
pect it to give way to peripheral invasion by tall 
woody growth, although no such development was 
actually observed. It will undoubtedly succumb to 
koa-haole on all the less wet sites where it is now 
found, 

Makai Flatlands 

The original pre-Hawaiian vegetation of this site 
complex—and of the entire xerotropical region—is 
clothed in obscurity. Whatever it had been, we can 
assume that the Hawaiians themselves had more or 
less completely destroyed it, and in the absence of 
suitable pioneer species, either indigenous or intro- 
duced, the land beeame essentially barren. Numerous 
reports of the early explorers—perhaps exaggerated 
—state that the coastal plain was a desert, dry, 
parched, subject to dust storms, in part a grassland 
with scattered trees and shrubs. 

Today most of the flat lowlands are covered with 
kiawe forest. This stand is often broken by small 
openings, and elsewhere has failed to develop over 
areas of several acres at a time. In such openings, 
Chloris grassland develops, a community which is 
restricted to this zone, although the species occurs 
throughout the dry region. No instance is known 
where pili is found on flat sites, although this is one 
of the dominant grasses of the slopes. Furthermore, 
Opuntia, also a dominant of the slopes, was observed 
but twice on the flats: on the bluffs above a shallow 
stream bed, and on an unconsolidated sand plain. 
The essential absence of pili and opuntia is character- 
istie of the flatland communities. 


The Chloris inflata Grassland 

This community oceurs faithfully in all small open- 
ings in the kiawe forest and in broad level expanses 
where kiawe has not developed. Chloris inflata, an 
annual grass, is dominant, occurring in essentially 
pure stands and forming a thin grassland 30-60 centi- 
meters (12-24 inches) high. The species is essen- 
tially a pioneer and can “emerge into dominance” 
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only on these sun-baked plains where most other plants 
cannot thrive. The community is found only in full 
light, and is abruptly terminated at the edge of a 
kiawe forest. In more humid zones the grass is 
found only sporadically, and mainly along roadsides 
and in old fields. 

Associated species of the Chloris inflata community 
are numerous in number, but they are inconspicuous, 
oceasional, and occur sporadically. Such herbs as 
Emilia, Erigeron spp., Reichardia, Cenchrus, Dacty- 
loctenium, Eragrostis amabilis, Eragrostis cilianensis, 
Setaria, Amaranthus spp., Portulaca and 
Bidens pilosa are most often present. 

Chloris inflata is palatable to cattle, and if the 
grass is grazed in its early stages, a thin turf is 
developed that persists as long as moisture is present 
for growth. 

No strongly marked successional trends are noticed. 
Kiawe will gradually invade the site, as will koa-haole 
when present, although the latter is not common due 
to constant grazing. 

Cenchrus Sand Phase. Along Maunalua Bay at 
the east end of the bar that cuts off Kuapa Pond, 
is a sand plain back of the beach that bears an 
essentially pure stand of Cenchrus echinatus and var. 
Hillebrandianus. This community of annuals, grow- 
ing 30-60 centimeters (12-24 inches) tall, is a pioneer 
type that persists until koa-haole, kiawe, or strand 
trees invade. Various annual herbs and Chloris occur 
in admixture. Both varieties of Cenchrus are indis- 
tinguishable ecologically and are found sporadically 
throughout the dry region, oceurring in abundance 
only on sand plains near the shore. Associated spe- 
cies are Sida fallax, Commelina benghalensis, Boer- 
haavia, Tribulus, Cynodon, Crotalaria mucronata, 
Crotalaria ineana, Trichachne, Schinus, Cassia occi- 
dentalis, Ocimum Basilicum, Coronopus, Vernonia, 
Stachys, Cassia Leschenaultiana, and Plumbago. 

Gossypium tomentosum Phase. Diamond Head is, 
like the other craters on the coastal plain, an empty 
shell within which is a flat floor, in this ease, 75-100 
meters (240-320 feet) above sea level. Diamond Head 
has been more protected from grazing than other areas 
in this zone and shows interesting vegetational devel- 
opments. Openings in the kiawe forest have a 
Chloris grassland which is intermixed with other 
dominant species, chief of which is the indigenous 
Gossypium tomentosum, a shrub 1.0-1.5 meters high. 
In other and essentially comparable sites, Indigofera, 
Sida fallax, and Crotalaria incana may each be so 
abundant as to warrant their designation as local 
dominants. The tendeney for kiawe to invade these 
sites is slow, and it appears that koa-haole will domi- 
nate first. 


oleracea, 


The Prosopis Forest 

General Characteristics. Father Bachelot, in 1838, 
introduced Prosopis chilensis from a Paris botanical 
garden, and is said not to have benefited the islands 
more by any other single deed. Today forests of 
kiawe extend throughout the dry regions on all islands 
(Figs. 20, 21). On Oahu, they form a more or less 
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Fic. 20. Makai Koa-Haole zone. 
Head. 
surface is almost bare of plants. Heteropogon 
Baker. 
unbroken evergreen stand that covers the coastal 


plain, whether on sand, raised reef, or alluvium, and 
extends up the flat-bottomed valleys to end as wind- 
ing queues along the streams. 

Prosopis chilensis is a tree growing to a height of 
20 meters (65 feet), generally 10-12 meters (30-40 
feet). The leaflets are 1-2 centimeters long, dull, and 
the foliage is evergreen. The form is that of a tall 
apple tree, and the appearance of the interior of the 
forest is often that of an orchard of such closely 
spaced trees that the canopy is complete. The 
homogenizing influence of this tree on the local site 
has created large areas of uniform conditions, and 
these in turn have been invaded by various species 
that have established themselves in well-defined stable 
communities. There are no other species of the same 
form and height as kiawe that substitute for it in 
the forest. 

The economie value of the kiawe forest is very high. 
The trees supply firewood and fence posts; the flow- 
ers are the basis of a sizable honey industry, the pods 
are succulent and sweet and often become the only 
available cattle feed in the dry season; the shade is 
used by the cattle; below the stand is developed 
forage-producing communities for grazing; and the 
community is signficant in soil conservation by pre- 


Prosopis forest in 1912. 
Note especially that the kiawe trees are shrubby, and scattered, well separated from each other; the soil 


grassland covers the slopes of the crater. 


Koko crater as seen from north slope of Koko 


Photo by R. J. 


vention of erosion and by increase of the nitrogen 
content. The foliage is unpalatable to stock. 

Origin. The author is of the opinion that the ex- 
isting kiawe forest became established under condi- 
tions which now are being duplicated only rarely. 
The density of the stands, the uniform age of the 
trees, and the erect and relatively straight boles indi- 
cate a high degree of competition among the young 
trees which is not in accord with the present repro- 
ducing ability of kiawe. A condition believed to be 
comparable to that which did exist occurs in the lower 
Nuuanu valley section of Honolulu, in a paddock for 
cattle in which trampling is intensive. Kiawe seed- 
lings, 0.5-1.5 meters high, grow so densely that com- 
petition among themselves is a decisive factor in the 
form of each. For these and related reasons, it is 
believed that the bulk of the present kiawe forests 
originated under intensive overgrazing, on an essen- 
tially bare soil, under full light, by seeds excreted 
by animals and trampled into the ground during the 
wet season. 

Current Invasion. All field evidence indicates the 
present distribution of kiawe forests is in essential 
equilibrium with the environment. Because the light 
tolerances of the tree are similar to those of the slope 
shrubs and because the size is greater, there is a 
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Fic. 21. Same view, 25 years later. Note that the Prosopis forest is now a continuous stand of large trees. 
The immediate foreground continues bare and devoid of plants. Trees now occur scatteringly half-way up the 
slopes of the crater (Middle Koa-Haole zone). Note especially the summit of the crater (Mauka Koa-Haole 
zone) with scattered dark shrubs. These shrubs are Schinus, newly established, and believed to be foreruners of 
a community that will be of great importance for soil conservation and watershed management. 1937. 


tendency for kiawe to spread over the slope vegeta- species in the community is given below, with the 
tion rather than the reverse. On the pyroclastic tuff plants arranged in five groups, the first including the 
cones where the development of a soil mantle occurs most important, and the last ineluding the least im- 
more readily, there has been a distinct migration of | portant. Many of the less important herbs appear 
kiawe thicket up the slope in the last three decades to be light-demanding species that emerge into domi- 
as revealed in old photographs. It is, however, be- nance along cow trails and artificial openings. 

lieved that the higher “reproduction potential” of 

koa-haole will offset this invasion if both species are Malvastrum coromandelianum 


present. ° Setaria verticillata 


The Malvastrum-Setaria Phase. An aspect of the Acacia farnesiana 
Ageratum conyzoides 
Lantana Camara 
Ocimum Basilicum 
Sida spinosa 

Stachys arvensis 


kiawe forest, with an understory dominated by the 
perennial herb Malvastrum coromandelianum and the 
annual grass Setaria verticillata, is the most wide- 
spread type throughout all the dry region (Figs. 22, 
23). This herbaceous community is generally sharply 
restricted to the shade of kiawe stands, does not con- 
tain Chloris, and changes to Chloris in an opening 


Cassia Leschenaultiana 
Cassia occidentalis 
Datura Stramonium 


either directly or through a narrow transition belt of Phaseolus lathyroides 

Sida spinosa. A zonation of these three frequently Waltheria americana 

occurs. Often there is a tendency for Malvastrum to Xanthium saccharatum 

predominate in full shade and for Setaria to pre- Alysicarpus vaginalis 

dominate in slightly less shade. When the overstory Bidens pilosa 

of Prosopis is thin or is itself broken, various tran- Cenchrus echinatus and var, Hillebrandianus 


sition types occur. The order of predominance of the Commelina benghalensis 
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Dactyloctenium aegyptium 
Digitaria sanguinalis 
Eleusine indica 
Emilia sonchifolia 
Erigeron albidus 
Euphorbia prostrata 
Ipomoea congesta 
Merremia aegyptia 
Panicum torridum 
Portulaca oleracea 
Reichardia picroides 


Chenopodium album 

Commelina diffusa 

Eragrostis amabilis 

Euphorbia geniculata 

Lycopersicum esculentum var. cerasiforme 
Malva parviflora 

Solanum nodiflorum 

Solanum sodomeum 

Sonchus oleraceus 





Fig. 22. Makai Koa-Haole zone. Prosopis forest in 
1912, showing extremely barren understory. Horse and 
carriage in background. Photo by R. J. Baker. 





Koa-Haole zone. 
1937, showing a dense ground cover of Malvastrum, and 


Fig. 23. Makai Prosopis forest in 


scattered shrubs. Kamilonui valley. 

Malvastrum has been reported in local literature as 
being of very low palatability, eaten only by sheep 
and goats. Nevertheless the writer has found it taken 
repeatedly by stock, and grazed to the ground in 
preference to other species. Setaria is more readily 
eaten by cattle and is taken before Malvastrum. Com- 


melina benghalensis is also readily grazed. Among 
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the species which appear to be unpalatable to stock 
are the following: Ageratum conyzoides, Sida spinosa, 
Datura Xanthium 
occidentalis, Leschenaultiana, Solanum 
meum, Erigeron albidus, Euphorbia spp., and Eleusine 


Stramonium, saccharatum, Cassia 


Cassia sodo- 


indica. The following plants of other communities 
are also unpalatable: Ricinus, Lantana, Stachytar- 
pheta spp., Plumbago, Crotalaria spp., Argemone, 
Anagallis, Coceulus, and Stachys. 

Seasonal changes in this community cause con- 


spicuous differences, due to the death of the annual 
herbs and continuance of the perennials. By May 
of the 1937 season, the remaining ungrazed Setaria 
vas dead and fallen, leaving the Malvastrum to domi- 
nate the aspect until the.return of the rains. 

The Ocimum Basilicum Phase. Ocimum Basilicum 
oceurs only locally and has been reported on the west 
side of the Koko complex and west of Kuapa Pond. 
The species is strongly but pleasantly scented and 
apparently unpalatable to stock. It appears to be 
spreading into adjacent regions, and may become 
far more important in the future. Where found be- 
low kiawe, it usually grows to a height of 1-2 meters, 
and develops a cover almost to the exclusion of other 
species. The foliage. forms a dense upper surface 
that effectively shades the soil below and prevents 
the development of low herbs such as might be pala- 
table to eattle. So dense is this stratum that it 
appears to resist invasion even by the otherwise 
aggressive Trichachne. The successional relationship 
of Ocimum to koa-haole is not known. 

The Trichachne Phase. Trichachne 
introduced for experimental purposes from Porto 
Rico, where it was known to be unpalatable to stock. 
It became naturalized on Oahu and is now spreading 
with great rapidity, filling all available sites in a 
valley within two or three years. The plant is highly 
unpalatable and consequently the animals will graze 
other species, baring the soil, reducing the competi- 
tion, and favoring Trichachne. Once established, the 
land is essentially unsuitable for grazing. 

In the Makai Koa-Haole zone, Trichachne, though 
found on roadsides, is essentially limited to the shade 
of Prosopis, where it forms a relatively thin stand 
0.5-1.0 meters high, through which one can walk with 
It does not invade the apparently drier Chloris 
openings. No successional trends were observed from 
this Trichachne phase, although it is assumed that 
woody plants can invade. 

The Ungrazed Shrub Phase. Typically, the kiawe 
forests are characterized by the absence of a shrub 
stratum, a condition apparently due to the widespread 
grazing. -The only well-developed shrub-bearing kiawe 
forest known to the author is a small triangular un- 
grazed tract in extreme northeast Koko Head Park 
mauka of the coast highway. Protected from cattle 
by the park line, the crater, and the sea respectively 
on its three sides, and possessing a flora not different 
from that of other kiawe forests, this stand has a 
structure which gives an indication of the dominant 
influence that grazing animals exert on all other areas 
At this station oceurs a 


insularis was 


ease. 


throughout southeast Oahu. 
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distinet stratum which varies from 1-2 meters high, 
forming a coverage of 100 percent, and composed of 
unusually well developed individuals of Indigofera suf- 
fruticosa and Sida fallax. The latter species is also 
abundant in the ungrazed kiawe stands of the interior 
of Diamond Head. In addition, Acacia farnesiana 
and Lantana camara occur constantly. The density 
and continuity of the shrub stratum eliminates all but 
obviously dwarfed Commelina benghalensis and Mal- 
vastrum herbs. Small seedlings of Indigofera, Sida 
fallax, and Lantana are numerous. Oceasional koa- 
haole appear to be recent invaders along a dry stream 
channel, and although not invading aggressively, give 
indication that the species will eventually dominate 
the low shrubs and reduce their coverage. 

Kiawe Forest Management. Since individual trees 
‘and small tracts of forest are constantly being cut 
for fire wood and fence posts, the reestablishment and 
perpetuation of this type is a matter of interest to 
the landholder. Under all ordinary cireumstanees, 
regeneration affords no difficulty since either before or 
shortly after cutting, enough young trees appear so 
that selection will assure their development and the 
replacement of the upper canopy. Especially in the 
other two arid zones, individual klu plants may be- 
come established in the clearing. These attain a 
height and a spread of 1.5-2.5 meters indicating that 
growing conditions are more favorable than on the 
slopes where this klu emerges into dominance. Koa- 
haole may also become established in dense thickets 
and where this is the case the shade is too dense to 
permit the development of kiawe, unless grazing of 
this palatable small tree opens the site. 

Successional Trends. The areal extent of the kiawe 
forests, their stability under existing methods of man- 
agement, and an excusable limitation to our per- 
spective, have given a false impression of vegetational 
permanence of those forests. It is true that through- 
out kiawe stands seedlings are sporadically found, 
enough to perpetuate the stand if other woody plants 
are not available. Nevertheless, two factors are alter- 
ing the situation: (1) the higher reproduction poten- 
tial of other species which by their sheer numerical 
abundance will predominate over kiawe; and (2) the 
development by such species of a density so high that 
kiawe will be eliminated from the understory. For 
these reasons, in the absence of grazing and in the 
course of natural development, the Prosopis commu- 
nity without doubt is to be considered a one-generation 
type, destined to be succeeded eventually by other 
species of which three are now known: Schinus tere- 
binthifolius, Erythrina sandwicensis, and Leucaena 
glauca. 

For those reading significance into physiognomy, 
the first is a glossy-evergreen shrub, the second is a 
dry-season deciduous tree, and the third a micro- 
phyllous dull-evergreen thicket-forming shrub or small 
tree. All are of shorter stature than Prosopis, and 
ecologically equivalent to each other in the succession. 

Erythrina is abundant in parts of Kalama Valley. 
The plant is unpalatable to cattle and seedlings may 
be common in the understory. Although the plant 
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itself cannot produce very dense shade, the shade is 
greater than that of kiawe. Furthermore, Erythrina 
thrives in deep shade and consequently will persist in 
an advanced stage of succession where Prosopis will 
have been eliminated. Erythrina spreads slowly and 
cannot be expected to affect markedly the regional 
vegetation unless artificially disseminated. 

Schinus was found in kiawe forests only on eal- 
careous sands near the shore at Kuliouou. On this 
site it is exceedingly abundant in the understory and 
since it produces a very dense shade, kiawe would 
tend to be eliminated in the following generation. 

Koa-haole, because of intensive grazing, has in al- 
most all instances been prevented from entering kiawe 
In the ungrazed tract of Koko Head Park, 
in Diamond Head erater and in many other isolated 
eases there is evidence of the great vegetational poten- 
tial that this species possesses. In the absence of 
cattle, it readily enters the forest, where it raises the 
density to a stage where kiawe seedlings and those 
of many other species are eliminated. It forms a 
dense thicket of slender whipstem trees that will 
probably grow to a height of 9-10 meters (30 feet) ; 
it conserves moisture, prevents soil erosion, and re- 
tards runoff. Although the density of this tree thicket 
would at first indieate that it is the last stage of 
succession, the author has assured himself, from com- 
parative studies of Leucaena thickets in West Irian 
islands and from fragmentary evidence in Hawaii, 
that there are numerous species now in Oahu capable 
of becoming established under koa-haole. (Incipient 
Middle and Mauka zones will be dis- 
cussed later.) It will take time for such plants to 
invade and saturate these sites, and consequently no 
alteration will be noticed until the age-and-area factor 
is satisfied. 

Summary of Xerotropical Flatland History. 1. A 
pre-Hawaiian closed woody vegetation of unknown 
physiognomy and floristic composition. 2. Coming of 
the Hawaiians, 1100-1400 A.D., and destruction of 
the flatland vegetation by agriculture, fires, and pigs. 
3. Development of a dusthowl] vegetation of annuals 
with seattered shrubs and trees. 4. Introduction by 
Europeans and Orientals of numerous plants, inelud- 
ing small-leaved gray-evergreen Prosopis, and of 
large grazing mammals. 5. Development of a high 
Prosopis forest under conditions of intensive grazing. 
6. Restriction of grazing, and invasion of the forest 
by various herbaceous and woody understories. 7. 
Current development of a 7-10 meter high Leucaena 
understory, with relict Prosopis overstory. 8. Trends 
in the absence of disturbance: infiltration of glossy- 
evergreen Schinus, dry-season-deciduous Erythrina, 
and other shrubs and trees, and gradual development 
of a mixed forest of variable leaf-type. 


Makai Mid-Slopes 


In the area of the Makai Koa-Haole zone, the only 
slope substrata are the basalt flows of the Koolau 


forests. 


invasion in 


range and the tuffs of Koko erater and Diamond 
Head. Opuntia, at least on the Koolau ridges, is 


practically absent, and klu as a community does not 
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occur; these two features serve to distinguish the 
entire zone from the more moist Middle and Mauka 
Koa-Haole zones. All the vegetation can be relegated 
to two communities: the widespread pili (Heteropo- 
gon) grassland, and the as yet rarely occurring koa- 
haole scrub. The former, especially on the tuffs, 
shows a large number of phases in which other spe- 
cies assume local dominanee, but no satisfactory rea- 
son was found to separate such phases as coordinate 
communities. 
The Heteropogon Grassland 

On the eroded basalt flows of the Koolau dome, the 
Heteropogon community occupies the relatively gentle 
gradients between the outcropping bluffs. A view of 
the side of a ridge shows therefore a succession of 
horizontal bands of lava outerops and of grassland. 
On the tuff cones, on the other hand, erosion leaves 
a smoothly stripped surface that presents a uniformly 
unfavorable site for plant development. The purely 
physical natures of these sites are so different that a 
basalt phase and a tuff phase are here recognized. 

Basalt Phase. No evidence was found in the field 
that the basalt areas have supported a more highly 
developed vegetation than that now existing, although 
the possibility is by no means eliminated. No relict 
soil mats were found on the slopes and no ancient 
trees were seen that may be relicts of an old stand. 
The grassland is frequently sufficiently dense to allow 
fire to run through it and it must be assumed that this 
happened frequently in early Hawaiian times. The 
extreme aridity, coupled with the intense Kona storms, 
favors soil removal. In general, it may be assumed 
that the vegetation has not markedly changed since 
European occupation (Fig. 24). 





Fic. 24. Makai Koa-Haole zone. 
land, basalt phase. 
with dark outccopping lava ledges. 
foreground valley. 
across Kealakipapa Valley, to Koko crater. 


Heteropogon grass- 
All light vegetation is Heteropogon, 
Prosopis forest in 
From Makapuu Head, looking west 
2/25/37. 


This grassland generally develops to a height of 
30-60 centimeters (12-24 inches). The dominant 
perennial grass, pili, oceurs sufficiently sparsely so 
that other herbs, chiefly annuals, are regularly dis- 
tributed throughout the interstices. The soil surface 
is constantly visible. The species of a typical sample 
of the community are given below, listed in groups in 
order of predominance, with the most common species 
in the first group. 
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Heteropogon contortus 


Ageratum conyzoides 
Alysicarpus vaginalis 
Bidens pilosa 

Cassia Leschenaultiana 
Commelina benghalensis 
Crotalaria mucronata 
Desmodium triflorum 
Emilia sonchifolia 
Euphorbia hirta 
Phaseolus lathyroides 
Portulaca oleracea 
Reichardia picroides 
Waltheria americana 


Cenchrus echinatus and var. Hillebrandianus 
Dactyloctenium aegyptium 

Euphorbia geniculata 

Ipomoea cairica 

Jacquemontia sandwicensis 


Merremia aegyptia 
Panicum torridum 


Plumbago zeylanica 
Sida fallax 
Acacia farnesiana 


Atriplex semibaccata 
Boerhaavia tetranda 
Cucumis dipsaceus 
Doryopteris decora var. decipiens 
Lantana Camara 
Lipochaeta lobata 
Malvastrum coromandelianum 
Opuntia megacantha 
Prosopis chilensis 

Setaria verticillata 
Stachytarpheta jamaicensis 
Tribulus cistoides 
Xanthium saccharatum 
Abutilon molle 

Cassia Gaudichaudii 
Casuarina equisetifolia 
Leucaena glauca 
Myoporum sandwicense 
Nephrolepis exaltata 

Sida spinosa 

Sonchus oleraceus 
Tricholaena repens 


No widespread successional trends are found today 
in the pili community, although the author is not 
convinced that several woody species could not be- 
come established in soil pockets and form a colony 
which would spread locally. Erythrina, Schinus, 
Leucaena, and Casuarina are four woody plants 
which might become generally established and so in- 
fluence the site that further development would be 
possible. Sinee Casuarina is found on an adjacent 
spray-swept bluff (q.v. above) and several volunteers 
already occur in the adjacent pili community, this 
Australian tree may some day effect a sweeping 
physiognomie change. Leueaena has already formed 
a small colony on this site type and is diseussed as 
a separate community below. 

Tuff Phase. The grassland vegetation on tuff is 
characterized by a decreased abundance of the peren- 
nial Heteropogon and by the development of a great 
many phases in which various herbs dominate (Fig. 
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25). These variations are probably to be considered 
in the light of fluctuations related to priority of in- 
yasion of short-lived herbs. In some instances, con- 
stant differences were noted between the vegetation 
of east- and west-facing slopes of small gulches, as 
on the sides of Koko erater, but these could not be 
related to apparent differences in moisture or light 
relations. At Hanauma Bay, scrubby Prosopis has 


invaded the grassland (Fig. 26). 





Fig. 25. 
land, tuff phase. 


Makai Koa-Haole zone. Heteropogon grass- 
Foreground shows soil-stripped rock, 
with scattered herbs. Middle foreground shows 6-foot 
long soil ‘‘island,’’ 18 inches thick, with Heteropogon 
on top. This soil mat is rapidly being eroded by under- 
cutting. Background, Heteropogon, growing on soil mat, 
showing bare eroding edge of soil mat. Koko Head, 
coast highway to right. 2/9/37. 


oe = 





Fig. 26. 
land, tuff phase, with scattered shrubby Prosopis. Shores 
of Hanauma Bay, looking toward Koko Head. Note the 
severely ‘‘brushed out’’ appearance of the Prosopis, due 


Makai Koa-Haole zone. Heteropogon grass- 


probably more to wind than to salt spray. Observe 
small relict soil mats with light Heteropogon on crest at 
background. Photo by R. J. Baker, pre-1937. 


Soil. The soil is generally thin or absent. The 
surface is frequently that of the tuff strata them- 
selves, smooth and not affording a medium for the 
penetration of root systems. Often it is gutted by 
channels of erosion from several centimeters to 1 meter 
deep, forming miniature drainage systems with plunge 
basins and waterfall cliffs. Pockets of thin soil aceu- 
mulate in various positions and support the scarce 
plant life. It is believed that weathering of the 
rock is proceeding actively, even in these dry regions, 
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but that with the existing vegetation cover, the occa- 
sional heavy summer rains wash away the weathered 
material. The system is therefore in essential equi- 
librium, in which soil climate and vegetation are 
stable. Lest it be called a “climax” it should be re- 
membered that original conditions were undoubtedly 
different, and that naturalized additions to the flora, 
now spreading, seem destined to change both soil and 
other features. 

Relics of Original Conditions. The rounded top of 
Koko Head now bears a soil mantle not less than 30 
centimeters (12 inches) thick and probably a meter or 
more in thickness in the central portions. Other frag- 
ments of soil mats are found in various parts of the 
Koko region. These are eroding rapidly at the mar- 
gins by undereutting—a phenomenon comparable in 
a way to cliff recession—and the surficial vegetation 
is undermined and destroyed. Inasmuch as the now- 
existing grassland of these soil mats is ineapable of 
preventing such marginal erosion, there is a strong 
indication that a woody vegetation once dominated, 
probably previous to the introduction of grazing ani- 
mals, and perhaps even pre-Hawaiian. The soil 
mantle is of great importance to vegetation because 
not only does it afford a substratum for root penetra- 
tion, but it permits the infiltration of precipitation, 
which in this arid region comes rarely but intensively. 
The present grass cover of the top of Koko Head is 
sufficiently different to warrant its establishment as 
a separate deep soil phase (q.v. below). 

Structure. Under the severe conditions of the 
stripped tuff, vegetation is exceedingly scanty. The 
coverage is variable, but is frequently less than 5 per- 
cent. The plants are low herbs, commonly annuals, 
and develop in crevices and interstices. The floristic 
composition and relative predominance of a typical 
example of the community is as follows: 





Alysicarpus vaginalis 
Cassia Leschenaultiana 
Chloris inflata 

Desmodium triflorum 
Emilia sonchifolia 
Euphorbia hirta 

Sida fallax 

Stachytarpheta jamaicensis 


Acacia farnesiana 
Ageratum conyzoides 
Bidens pilosa 

Cenchrus echinatus and var. Hillebrandianus 
Dactyloctenium aegyptium 
Heteropogon contortus 
Portulaca oleracea 
Reichardia picroides 

Sida spinosa 

Sonchus oleraceus 
Waltheria americana 
Xanthium saccharatum 


Abutilon molle 

Anagallis arvensis 
Argemone alba var. glauca 
Atriplex semibaccata 
Avena sp. 

Boerhaavia tetranda 
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Canthium odoratum 
Capparis sandwichiana 
Cassia Gaudichaudii 
Chloris radiata 
Commelina benghalensis 
Crotalaria incana 
Crotalaria mucronata 
Cucumis dipsaceus 
Digitaria sanguinalis 
Dodonaea viscosa 
Doryopteris decora var. decipiens 
Eragrostis variabilis 
Euphorbia Degeneri 
Euphorbia geniculata 
Fimbristylis cymosa 
Gnaphalium purpureum 
Heliotropium curassavicum 
Indigofera suffruticosa 
Ipomoea cairica 
Ipomoea pes-caprae 
Jacquemontia sandwicensis 
Lantana Camara 
Lipochaeta lobata 
Lycopersicum esculentum var. cerasiforme 
Merremia aegyptia 
Myoporum sandwicense 
Nicandra Physalodes 
Nicotiana glauca 
Opuntia megacantha 
Panicum Faurieti 
Panicum torridum 
Passiflora edulis 
Passiflora foetida 
Phaseolus lathyroides 
Plectranthus parviflorus 
Plumbago zeylanica 
Prosopis chilensis 
Santalum ellipticum 
Scaevola frutescens 
Solanum nodiflorum 
Stachys arvensis 
Tephrosia purpurea 
Tribulus cistoides 
Tricholaena repens 
Verbesina encelioides 


Of these species, Boerhaavia, Heliotropium, Ipo- 
moea pes-caprae, Jacquemontia, Tribulus, Myopo- 
rum, Seaevola, and Euphorbia Degeneri are inclusions 
of the strand flora. It will be noted that Acacia 
farnesiana, Prosopis, and Opuntia—the dominants of 
other arid communities—are present—but none of 
them are common. Many of the herbs of this com- 
munity become roadside weeds in more moist zones 
where competition eliminates them from the general 
uplands. Dactyloctenium may locally form a turf 
on wind-swept sandy spots, fruiting at heights of 
only 2 centimeters. Chloris likewise becomes domi- 
nant on sandy spots, forming a counterpart of the 
Chloris community of flatland sites, described above. 
Cassia leschenaultiana may form societies, as well as 
Reichardia, Xanthium, Desmodium, Alysicarpus, Bi- 
dens, Ageratum, Kragrostis variabilis and Sida. Hete- 
ropogon tends to dominate where soil has accumulated, 
especially at the upper elevations of the zone. In 
such situations it is more or less mixed with species 
of the above list. 
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EKast-west Alternes. In several of the gulches of 
the south-south-west slopes of Koko Crater, distinet 
alternes occur. Both slopes have about 75 pereent of 
the surface covered with herbaceous vegetation. That 
of the east-facing slope is 60-85 percent Heteropogon, 
with Cassia Leschenaultiana to 20 pereent, and with 
varying admixtures of many other species. The 
vegetation of the west-facing slope is 50 pereent Sida 
and Waltheria, about 45 percent Cassia Leschenaulti- 
ana, Emilia and Stachytarpheta, and varying admix- 
tures of other species. The perennial grass phase 
may prove to be more mesic than the forb phase, and 
the situation may be related to interception of light 
rains coming around the erater from the east. Fur- 
ther study is needed to interpret the ecologic controls. 
The Deep Soil Phase. The herbaceous vegetation 
growing on the deep soil of Koko Head differs in 
density and luxuriance rather than in floristic com- 
position from that of the eroded tuff cones. Chloris 
inflata, Panicum torridum, and Setaria verticillata are 
predominant grasses, associated commonly with seat- 
tered Sida fallax. Cassia Leschenaultiana and Crota- 
laria incana form seasonal aspects which temporarily 
hide the grasses from view. Numerous other herbs 
are present wherever the cover is less dense. Lack 
of woody plants on this site is difficult to explain, 
and may be due in part to the slow operation of the 
ge-and-area factor following the restyiction of graz- 
ing by all classes of stock. Certainly marked changes 
san be expected in the absence of further disturbance. 
Future Developments. The angle of inclination of 
the tuff beds on the gentle lower slopes of the cones 
is close to that of the land surface itself. Conse- 
quently there are no rock outerops, and there is a 
definite trend for expansion of the kiawe forest up 
such slopes. There is photographie proof that this 
has oceurred on Koko Crater, although there is ade- 
quate field evidence that this will not continue in- 
definitely and that on the upper slopes the stand will 
remain open, with isolated stunted trees. 

The extreme paucity of vegetation on these steep 
surfaces, and the essential stability in respect to lack 
of development of soil, is correlated with the fact 
that no prominent developmental trends on_ these 
slopes are occurring. Schinus has been found in a 
rock crater on an exposed portion of one of the 
secondary Koko cones, indicating its ability to sur- 
vive on the Makai Koa-Haole zone slopes. If the 
species spreads in the future, as it may well be ex- 
pected to do, unusual events may oceur, since Schinus 
has a marked ability to change the local site and to 
permit the development of a soil mantle. Leucaena 
also occurs and will be discussed below. 


The Leucaena Serub 

The slopes of the Makai Koa-Haole zone are prob- 
ably the most xerie in all of Oahu. Nevertheless, 
Leucaena is widely scattered on Diamond Head and 
occurs in a small colony on the very xerie low south- 
facing inside slope of the rim. Furthermore a colony 
is established on the south-facing term'nus of the 


ridge east of Mauuwaii Valley. Although the spread 
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and development of Leucaena is much slower in this 
zone than in the others of the xerotropical region, :it 
actually has colonized. There is no evidence of die- 
back and it may be expected to continue to spread. 

The nature of the Leucaena community in this zone 
is strongly different from that elsewhere. The stand 
is more open, the individuals are more widely spaced, 
and more light is present at the ground level. The 
associated species are different, usually being annual 
herbs whose period of growth is coincident with soil 
moisture resulting from the sporadic drenching win- 
ter rains. On floristic grounds therefore, Leucaena 
is the only species in common between the Leucaena 
community of Makai Koa-Haole zone slopes and that 
of the Middle and Mauka zones. 

A typical stand on the slopes of Diamond Head 
shows the koa-haole to be about 3 meters high. A 
distinet layer of soil occurs, whereas outside the 
stand the tuff is exposed. Large-leaved vegetative 
seedlings of Sida fallax are frequent. Among the 
herbs are the following, the majority of which are 
light-demanding Ageratum, Reichardia, 
Emilia, Panicum torridum, Lipochaeta lobata, Arge- 
mone, Bidens pilosa, and Erigeron albidus. 

The Middle Koa-Haole Zone 

The Middle Koa-Haole zone is geographically the 
most extensive of the three xerotropical zones in 
southeast Oahu. It is also the most readily accessible, 
as it occupies the majority of the ridges and the val- 
leys lying directly mountainward of the coast high- 
way. In general, the zone may be said to cover the 
high southwest rim of Diamond Head, the upper 
slopes of Koko crater except the summit and a con- 
tinuous band lying seaward of the moist Mauka zone. 
Here also, the differentiation between the xerotropical 
zones is difficult in the valleys because of the ubiqui- 
tousness of the kiawe forest, although it is quite 
apparent in the slope vegetation. The predominance 
of Makai pili grassland and of its herbaceous substi- 
tutes gives way on the slopes of this zone to low 
smoothly topped klu thickets, above which rise scat- 
tered opuntias. The pili community remains domi- 
nant only in a narrow band around the outcropping 
lava ledges. Maritime vegetation in this zone has 
already been discussed. The bulk of the remaining 
vegetation may be written under four headings: the 
Prosopis community, the Heteropogon community, the 
Acacia-Opuntia community, and the Leueaena com- 
munity, of which the first is on flatlands, the second 
and third are on slopes, and the fourth is on slopes 
and is also developing on flatlands. Figure 13 shows 
graphically the distribution of these predominant 
communities of the Middle Koa-Haole zone. 


Middle Flatlands 


The Prosopis Forest 


species : 


Forests of kiawe, continuing essentially unchanged 
from the Makai Koa-Haole zone through the Middle 
zone, have trees somewhat taller, and an understory 
more luxuriant (Fig. 27). Both in floristie eomposi- 
tion and in occurrence of the different species, how- 
ever, no outstanding difference exists. 
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Flatlands, bearing 
foreground. 
background, on 


Fig. 27. Middle Koa-Haole zone. 
Prosopis forest. Note wood-chopper in 
Acacia-Opuntia scrub or slopes in 
Kuliouou 2 ridge. 4/13/37. 


The annual Chloris grassland of Makai forest open- 
ings is not known to oceur in the Middle flatland 
sites. The perennial Trichachne insularis, restricted 
to the shade of kiawe in the Makai zone, is here found 
outside the forest and is tending to become dominant 
on all open herbaceous sites. 

Structure. The following species occur most com- 
monly in the Middle kiawe forests and represent con- 
ditions in the normal Malvastrum-Setaria phase. The 
species are listed in five groups, those most abundant 
being listed first. 


Malvastrum coromandelianum 
Prosopis chilensis 

Setaria verticillata 

Sida spinosa 

Trichachne insularis 


Ageratum conyzoides 
Bidens pilosa 

Cassia occidentalis 

Emilia sonchifolia 
Leucaena glauca 
Portulaca oleracea 
Stachytarpheta jamaicensis 
Xanthium saccharatum 


Acacia farnesiana 
Amaranthus spinosa 
Cassia Leschenaultiana 
Cenchrus echinatus and var. Hillebrandianus 
Commelina diffusa 
Crotalaria incana 
Cynodon Dactylon 
Cyperus rotundus 
Dactyloctenium aegyptium 
Eleusine indica 
Euphorbia geniculata 
Indigofera suffructicosa 
Ipomoea congesta 
Lantana Camara 
Merremia aegyptia 
Ocimum Basilicum 
Passiflora foetida 
Phaseolus lathyroides 
Schinus terebenthifolius 
Waltheria americana 


Abutilon ineanum 


Abutilon molle 
Amaranthus viridis 
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Cassia bicapsularis 
Chloris inflata 
Euphorbia hirta 

Malva parviflora 
Oxalis corniculata 
Panicum maximum 
Plumbago zeylanica 
Solanum nodiflorum 
Solanum sodomeum 
Stachytarpheta cayennensis 
Datura Stramonium 
Erigeron albidus 
Euphorbia heterophylla 
Gossypium barbadense 
Lycopersicum esculentum var. cerasiforme 
Morinda citrifolia 
Opuntia megacantha 
Phyllanthus Niruri 
Plantago major 
Chrysopogon aciculatus 
Salvia occidentalis 
Sonchus oleraceus 
Synedrella nodiflora 
Verbena litoralis 
Vernonia cinerea 


The Trichachne Woodland Phase. The invasion of 
kiawe stands by Trichachne insularis was going on 
rapidly in 1937, a marked difference being noticed in 
certain valleys even during the nine months of the 
author’s field investigations. The density of the grass 
understory may be such that low lantana and 1-meter- 
high Acacia farnesiana are killed and disappear from 
the stand. It is evident that this herbaceous under- 
story retards and may even prevent the invasion of 
other woody plants. Lists of associated herbs show 
no essential difference in floristic composition from 
that of the Malvastrum-Setaria phase. 

Old Field Phases. Several abandoned fields in 
Hahaione Valley on kiawe sites, previously crop lands, 
showed distinct communities and successional trends. 
Grasslands were present on all, being in some cases 
dominated by Chloris inflata and in others by Tri- 
chachne. In all cases a very few kiawe seedlings oc- 
curred, entirely insufficient to produce a pure stand, 
whereas koa-haole was colonizing in solid masses and 
gave evidence of actively spreading. 

In the Chloris phase, the floristic composition was 
essentially the same as that in the Trichachne phase 
mentioned below. Trichachne was seattered through- 
out, and it is very likely that this grass was in process 
of becoming dominant. 

In the Trichachne phase, about 90 percent of the 
volume of vegetation was composed of Trichachne. 
Chloris inflata was present but unimportant. Com- 
mon accessory species were: Sida spinosa, Malvas- 
trum, Setaria verticillata, Cassia Leschenaultiana, 
Emilia, Euphorbia hirta, Waltheria, Cenchrus, Xan- 
thium, Stachytarpheta jamaicensis, and Lantana. The 
difference between these two phases is probably re- 
lated to priority of invasion on the part of the domi- 
nant grasses. 

Acacia farnesiana Phase. In certain instances 
where the kiawe forest has been destroyed, stands of 
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Acacia farnesiana develop. The growth form of these 
plants is more luxuriant and quite different from that 
where the species is dominant on the slopes. The 
individuals attain a height of three meters, but the 
breadth is often no greater than one meter. The 
phase is open, and the shrubs are separated from 
each other by short distances. There is no significant 
invasion by kiawe and no successional trends are ob- 
served under grazed conditions. 

Leucaena glauca Phase. On kiawe forest sites where 
the trees have been cut and where grazing has not 
been intensive—as adjacent to settlements where cattle 
are not kept—koa-haole invades and may dominate 
the site. These stands were not investigated in de- 
tail. Because of the density, the heliophilous species 
disappear and attempted conversion to kiawe pre- 
sents additional problems. 

Future Developments. The existing kiawe forests 
are usually intensively grazed throughout the Middle 
zone and consequently evidence of development in 
the absence of grazing is fragmentary. What evi- 
dence there is, nevertheless, is fully adequate to show 
that seed production, migration, germination, and 
survival of koa-haole are all such as to make it a 
highly aggressive species. It can develop in the 
shade existing under kiawe, and in turn produces a 
denser stand unfavorable to kiawe reproduction. In 
the absence of disturbance therefore, the vegetational 
development is uni-directional towards a koa-haole 
stand. No overmature kao-haole stands on flatland 
sites have been observed but it is not to be doubted 
that various other species demanding the dense shade 
that koa-haole produces, will invade and mingle with 
the comniunity. Both indigenous and alien species 
may play a role. Near Kuliouou Pond, on sand and 
where the infiltration is rapid, the aggressiveness of 
Sehinus indicates that this highly tolerant evergreen 
shrub may locally compete on an equal basis with 
Leucaena, or even succeed in part over it. 

Middle Mid-Slopes 
The Heteropogon Grassland 

The Heteropogon pili community of this zone is 

the direct counterpart of that of the Makai zone. 





Heteropogon grass- 
land around outcropping lava rocks (light vegetation). 
Showing also Acacia (low, dark), Opuntia and Prosopis 


Fig. 28. Middle Koa-Haole zone. 


(left background), all on deeper soil. Hawaiiloa ridge. 


3/15/37. 








October, 1947 


Instead of being the predominant slope type, the 
community is here restricted to the vicinity of the dry 
outeropping lava ledges, which it encireles in a nar- 
row band 1-2 meters wide (Fig. 28). It is apparently 
at such sites that the xeric conditions are similar to 
those of the pili sites of the Makai zone. The Middle 
pili community occurs only when the surrounding 
vegetation is dominated by klu and panini: when 
koa-haole is present, that shrub appears to extend 
directly to the rock ledge. 

The appearance of the Middle pili community is 
that of a sparse open grassland, at first glance com- 
posed entirely of Heteropogon. Closer observation 
indicates that the soil is everywhere visible, and that 
the interstices between the grass clumps bear scat- 
tered herbaceous plants of a surprisingly large num- 
ber of species. 

The plants of this community are arranged below 
in three groups, with the most uncommon species in 
the last group. 


Heteropogon contortus 


Ageratum conyzoides 

Cassia Leschenaultiana 
Cenchrus echinatus and var. Hillebrandianus 
Chrysopogon aciculatus 
Desmodium triflorum 

Emilia sonchifolia 

Euphorbia hirta 

Malvastrum coromandelianum 
Phaseolus lathyroides 
Portulaca oleracea 

Sida fallax 

Sida spinosa 

Sonchus oleraceus 
Stachytarpheta jamaicensis 
Waltheria americana 


Acacia farnesiana 

Cassia bicapsularis 
Dactyloctenium aegyptium 
Digitaria sanguinalis 
Doryopteris decora var. decipiens 
Eragrostis variabilis 
Erigeron albidus 
Indigofera suffruticosa 
Ipomoea cairica 

Lantana Camara 
Leucaena glauca 
Lipochaeta lobata 
Nephrolepis exaltata 
Opuntia megacantha 
Paspalum fimbriatum 
Peperomia leptostachya 
Plectranthus parviflorus 
Psilotum nudum 

Setaria verticillata 
Stachytarpheta cayennensis 
Trichachne insularis 
Tricholaena repens 


Comparison of this list with others indieates that, 
despite the physiognomy, there is a striking floristic 
relationship with other communities of the xerotrop- 
ical region, including grass shrub and forest types. 
The species in the above list are largely light- 
demanding pioneers. As is true of many pioneer 
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communities, the floristic complexity of samples is 
greater than samples of the same size of the more 
“advanced” klu-panini and koa-haole communities of 
the same zone. 

There is no evidence that Trichachne will invade 
these pili margins, although it does appear that koa- 
haole will take over the site in the absence of grazing 
and when the age-and-area factor is satisfied. 


The Acacia-Opuntia Scrub 


This community is predominant on all slopes in 
the middle zone (Fig. 29) except for about 5 percent 
of the area which has been invaded by koa-haole. 
species are predominant, Acacia farnesiana 


Only 2 





Fig. 29. Middle Koa-Haole zone. Acacia-Opuntia 
scrub, with wind-clipped Acacia about one meter high. 
South shore of Kaena Point, northwestern Oahu. 2/20/37. 


(klu), and Opuntia megacantha (panini); all other 
species are of secondary importance. Of these two, 
the Acacia is usually much more abundant than the 
Opuntia. The thickets of klu are about 1 meter high, 
flat-topped, with an undulating surface, and not so 
dense but what one might walk through them. This 
Acacia was introduced, perhaps purposely, for a per- 
fume industry. It soon escaped, and is now com- 
pletely spread throughout the lowlands. The plant 
bears conspicuous yellow pompoms of flowers, and 
numerous spines of the size and effectiveness of pins. 
The spiny Opuntia is seattered irregularly in the klu 
thicket. It grows to a height of 2-3 meters, and both 





zone. 
(white 


Acacia-Opuntia 
vegetation on 
Prosopis forest in back of fore- 
Dark vegetation in side guleh at left 


Koa-Haole 
abundant 


Fig. 30. Middle 
scrub, with Opuntia 
background slopes). 
ground clearing. 
is Leucaena serub. 


ley. 4/13/37. 


Looking east 2¢ross Kuliouou val- 
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in height and abundance appears to be in a stable equi- 
librium in the vegetation. On steep slopes, Opuntia 
becomes more abundant and shares the site equally 
with Acacia. On certain rock slopes it forms over 
three-quarters of the vegetation (Fig. 30). 

This klu-panini community is in almost all instances 
sharply demareated from the lowland Prosopis com- 
munity. In a few instances where the slopes have 
gentle gradients and deep soil, stunted isolated plants 
of Prosopis oceur with the cactus and the acacia. 

The soil of this community is generally thin, and 
the vegetation cover is not dense enough to hold it 
from erosion in times of heavy rain. There is ample 
evidence that these slopes ence bore thick mantles 
of soil in which water from the heavy rains was 
stored and held available for plants during the dry 


season. This was lost after destruction of the orig- 


inal vegetation, and the present community, distinctly 
a heliophilous pioneer type, is not “closed” enough 
to hold in place the rock that disintegrates each year 
and which, if permitted to remain in situ, would very 
soon build up a new thick soil mantle (Fig. 31). 





Fig. 31. Middle Koa-Haole zone. Acacia-Opuntia 
scrub, with Opuntia abundant; close-up view. East 
spur of Wiliwilinui ridge, looking west from water 
tower. 4/8/37. 


The floristic composition of the klu-panini com- 
munity shows its close relationship to other types of 
the xerotropieal region. The species listed below 
oeeur in interstices among the two dominants, and 
appear to have little effect on the soil or on the 
occurrence and growth of the two dominants. The 
relative abundance of these additional species is 
highly variable. 


Abutilon incanum 

Ageratum conyzoides 
Amaranthus spinosa 

Bidens pilosa 

Cassia Leschenaultiana 
Cenchrus echinatus and var. Hillebrandianus 
Chloris inflata 

Chrysopogon aciculatus 
Dactyloctenium aegyptium 
Desmodium triflorum 

Digitaria sanguinalis 
Doryopteris decora var. decipiens 
Echinochloa colonum 

Eleusine indica 

Emilia sonchifolia 
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Erigeron albidus 

Euphorbia geniculata 
Euphorbia hirta 

Heteropogon contortus 
Indigofera suffruticosa 
Ipomoea cairica 

Lantana Camara 

Leucaena glauca 

Lipochacta lobata 

Malvastrum coromandelianum 
Merremia aegyptia 
Osteomeles anthyllidifolia 
Panicum maximum 

Paspalum fimbriatum 
Passiflora foetida 

Portulaca oleracea 

Prosopis juliflora 

Psidium Guajava 

Santalum ellipticum 

Sida fallax 

Sida spinosa 

Sonchus oleracea 
Stachytarpheta cayennensis 
Stachytarpheta jamaicensis 
Trichachne insularis 
Tricholaena repens 

Waltheria americana 


The Panicum maximum Phase. Panicum maximum 
is a tall rank grass, native of Africa, now widespread 
throughout the Tropics, and in other countries form- 
ing extensive seminatural grasslands. It oceurs in 
southeast Oahu on Wilhelmina Rise, Waialae Nui, 
west Wiliwilinui, Wiliwilinui, Hahaione, and west 
Mauna O Ahi, where it gives the indication of having 
been originally planted, and has since perpetuated 
itself. If the grass is spreading, it is doing so very 
slowly; the author does not at present consider that 
it will become an aggressive dominant of the future. 
Panicum maximum grows to a height of two meters, 
forming dense masses within which are dying lan- 
tana and klu; panini survives with no alteration in 
growth form. It dominates over pili in the rock- 
ledge margins, and over Trichachne when the two 
are in contact. It does not enter thickets of Leu- 
caena, and in turn its own density retards invasion 
of itself by Leucaena, although Leucaena gives evi- 
dence of eventual domination. 





Acacia-Opuntia 


Koa-Haole zone. 
Showing Trichachne mixing 


Fie. 32. Middle 
scrub, Trichachne phase. 
with, and smothering out 
4/6/37. 


Acacia. Wiliwilinui ridge. 
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The Trichachne insularis Phase. Trichachne in- 
sularis is at present increasing throughout the slopes 
of the Middle Koa-Haole zone. It is as yet too early 
to indicate its final position in the vegetation, but the 
plant, though not developing as luxuriantly as on the 
flatland sites, already produces a sufficiently dense 
cover to kill out some of the shrubby klu (Fig. 32). 
The relationship of this grass to Leucaena in this 
zone has not been observed. 

The Lantana camara Phase. 
played a meteoric role in the vegetation of arid Oahu 
and in that of other Hawaiian islands. According to 
Hillebrand, it was introduced in 1858 to grace the 
formal gardens. The fruit was soon found palatable 
by introduced birds, by whose help it left the beds 
and spread over lowlands and foothills. The plant 
invaded pasture, scrub, and forest and became one of 
the major island nuisances. Newspapers of the day 
speak of the slopes of Punchbowl as being a solid 
mass of blossoms in the season: today the species is 
absent from those slopes. Insect pests brought from 
Mexico in 1902 have more or less effectively destroyed 
lantana in the xerotropical region (although it is 
still aggressive in moist zones). The species may still 
be found on all the dry ridges, frequently forming a 
low thicket that may alternate with the klu. The 
lantana is in various stages of disorganization, and 
it would appear that the parasites affect it at inter- 
vals. Although lantana may be expected to remain 
in the lowland vegetation, it can even now be said to 
be no longer a dominant in the vegetation. 

The Canthium odoratum Phase. On the west side 
of Kamehame ridge, at the head of Kamiloiki valley, 
is an area of dry ridges dotted wtih the bright dark 
evergreen Canthium shrubs. These plants are of 
various sizes up to a height of 3 meters. They appear 
to be growing well, are not being killed back, and 
and give the appearance of effecting a slow but steady 
invasion. The plant does not colonize solidly, and 
therefore does not effect a local dominant change. 
Nevertheless, each shrub produces shade and retains 
soil below itself. Observations elsewhere indicate that 
seedlings are tolerant, and the plant can become estab- 
lished equally well in a closed vegetation. For these 
reasons, Canthium seems destined to be an important 
contributory element of the future vegetation. 

The Erythrina sandwicensis Phase. The endemie 
Erythrina is a tree attaining heights of 7-10 meters, 
with dry-season-deciduous foliage. It probably oceurs 
on every ridge and in every valley of southeast Oahu, 


Lantana camara has 


but it is usually infrequent, although at Kalama 
crater the plant is abundant. In most instances, 


seedlings are developing and the species appears to 
be aggressive. The heavy poisonous seeds are not 
distributed by birds so that invasion is slow and un- 
certain. The present rarity of this plant, which is 
unpalatable to cattle, is probably due to almost com- 
plete destruetion in earlier days, perhaps by sheep or 
goats. Its present aggressiveness indicates that it is 
potentially eapable of altering the physiognomy of 
these Middle zone slopes, a change which could be 
markedly accelerated by artificial migration of the 
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heavy seeds. A stand of Erythrina, despite its 
height, does not produce much shade. Knowledge 
of the light relations of this and other species indi- 
cates that such a stand can be invaded by Leucaena, 
Canthium, and Schinus, mingling with young Ery- 
thrinas which themselves can stand such shade. The 
moisture retention and soil conservation role of such 
a mixed forest would be greater than that of the pure 
Erythrina. 

The grazed low klu-panini 
thorn serub is, under existing conditions, a stable 
self-perpetuating community. It is heliophilous, low 
in soil-conserving ability, and successionally a pioneer 
Future change depends on the continuity of 
grazing and on the age-and-area factor of other spe- 
Woody plants which may be important in the 
future vegetation are: the palatable Leucaena, ever- 
green Myoporum, Canthium, evergreen 
Schinus, Erythrina, and Reynoldsia. Myoporum has 
been found on the slopes, but is not colonizing. Sev- 
eral old Reynoldsias have been found in a guleh on 
Koko crater and there is a possibility that this en- 
demic tree would again reproduce if the site were in 


Future Developments. 


stage. 
eles. 


evergreen 


a more advanced stage of vegetation. The indigenous 
Dodonaea gives all appearances of being a pioneer 
shrub which will not persist in a closed vegetation. 
Santalum ellipticum was found in as many as 10 sta- 
tions, never reproducing, and with no indication that 
it will become abundant in the future. Of these 
woody plants, Leucaena is the most active invader 
and has already taken over many areas (q.v. below). 
With or without other invaders than these, the pio- 
neer klu-panini community is destined to be replaced 
by a more advanced stage of vegetation wherever it 
may develop in the absence of disturbing factors. 
The Leucaena Scrub 
That koa-haole had been on Oahu for many decades 
without vegetational importance is 
probably due to its high palatability for grazing ani- 
mals, and is possibly related to the distribution of 
proper nitrogen-fixing bacteria. Forbes (post-1919) 
did not mention it as one of the prevailing elements 
of the lowland plant associations. Since that time, 
restriction of grazing has permitted it to spread and 
become abundant. Floristically, Leuecaena is now dis- 
tributed continuously from Nuuanu to Makapuu. De- 
velopment has been most active on the unconsolidated 
pyroclasties of the moist Mauka zone and slowest on 
the consolidated tuffs of the dry Makai zone (Fig. 
33). The present occurrence of the vegetation type 
today in the Middle and Mauka zones is approxi- 
mately as follows: highly developed in Kanealole- 
Moleka-Maunalaha valley-complex; sporadie on the 
side of Manoa; abundant on the east side of 
Manoa; common over the top of St. Louis Heights; 


assuming any 


west 


usually abundant on west Palolo; local on east Palolo: 
unimportant on Wilhelmina Rise and in Waialae Nui; 
frequent on west Waialae Iki; several colonies on east 
Waialae Iki; frequent on west Wailupe; usua!ly abun- 
dant on east Wailupe; unimportant in west-Niu; 
unimportant on west’ east-Niu; generally abundant on 
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east east-Niu; unimportant in Kuliouou; along the 
stream channels at the head of Hahaione; scattered 
in Kaluanui; and along the stream channels at the 
head of Kamilonui and Kamiloiki. In some instances 
the Forest Reserve feneeline forms a knife-edge de- 
mareation between dense ungrazed koa-haole on the 
Forest Reserve mauka side, and grazed Trichachne 
and klu on the seaward makai side. 





Leucaena scrub 
(dark vegetation in background) with scattered Opun- 


Fig. 33. Middle Koa-Haole zone. 
Acacia-Opuntia scrub (light vegeta- 
Prosopis forest (light 
Looking 
3/2/37. 


tias (white spots). 
tion) on top of ridge in distance. 
vegetation in foreground) covering flatlands. 
across Wailupe gulch, east to Hawaiiloa ridge. 


Like many other species of wide distribution on 
Oahu, the growth form differs widely according to the 
local site. Leucaena in favorable situations forms 
forests of slender trees 10 meters high; nearby it may 
be a erest cover less than 1 meter high. On the 
slopes of the Middle zone, koa-haole scrub is 1-3 
meters high, composed of a large number of “whip- 
stems,” so close that one must part them in order to 
walk through. Light under the taller serub is diffuse. 
Litter accumulates on the soil surface. Water con- 
servation and soil retention appear to be greatly im- 
proved over that of the klu-panini type, and a thick 
soil mantle is again in process of development. 

With the development of a Leucaena scrub, the 
grasses and the herbs of the Acacia-Opuntia type van- 
ish or are reduced to vegetative individuals of no 
significance. Acacia itself disintegrates and dies. The 
author has seen numerous instances where large areas 
of klu had but recently died under new Leucaena. 
Opuntia, however, is not destroyed, but changes its 
growth form to one more erect and less branched. 

The completeness with which Leucaena destroys the 
plants of the serub which it invades, has sometimes 
given rise to the idea that this species is replacing the 
lowland vegetation and destroying all chances for the 
original plant cover of indigenes to return. In the 
opinion of the author this concept is entirely unten- 
able. In his estimation, the Leucaena scrub is in a 
middle position of the developmental series. The 
shade it produces is sufficiently great to eliminate the 
light-demanding pioneers, and in turn makes the site 
favorable for the invasion of tolerant species. Ery- 
thrina, Canthium, and Schinus—as well as Leucaena 
seedlings—are able to develop below the Leucaena 
scrub. Only the age-and-area factor is responsible 





FRANK E. EGuer 


Ecological Monographs 

Vol. 17, No. 4 
for the present rarity of these three woody plants. 
Two of them, Canthium and Schinus, produce such 
deep shade that the Leucaena itself may become less 
abundant. Reynoldsia and Myoporum, at present 
very rare, may possibly spread in the future; and it 
is expectable that even other aliens and indigenes will 
invade the new vegetation. Leucaena in other coun- 
tries is a pioneer plant, successional to mixed forests 
of many species, indicating that the future vegetation 
of Oahu Middle zone slopes—barring anthropiec in- 
fluences—will not be Leucaena, but a more dense 
cover of species that will hold the soil and retain the 
rains. 

Summary of Xerotropical Slope History, Middle 
Zone. 1. A pre-Hawaiian closed woody vegetation of 
unknown physiognomy and floristic composition. 2. 
Coming of the Hawaiians, 1100-1400 A.D.; disturb- 
ance to the vegetation and beginnings of soil erosion. 
3. Development of a Heteropogon grassland, prob- 
ably related to frequent fires. 4. Introduction by 
Europeans and Orientals of numerous plants and of 
large grazing mammals; completion of soil erosion. 
5. Development of a Lantana scrub. 6. Introduction 
of Lantana pests and diseases; elimination of Lan- 
tana as a vegetational component in the arid region; 
continued grazing. 7. Development of the present 
Acacia-Opuntia thorn-serub. 8. Restriction of graz- 
ing; spread of Leucaena. 9. Development of a Leu- 
caena scrub and of a soil mantle. 10. Trends in the 
absence of disturbance: invasion by various tolerant 
woody plants, and development of a mixed scrub of 
variable leaf-type, on deep soil. 

The Mauka Koa-Haole Zone 


The Mauka Koa-Haole Zone occurs in a relatively 
narrow band on the makai side of the Merriam mois- 
ture line, and on the summit of Koko erater. It has 
the greatest precipitation of the three xerotropical 
zones. It has also the greatest floristic complexity, 
being apparently the most favorable zone for the 
development of the xerotropical flora and possessing 
various incursions of the pluviotropical flora. The 
demareation between the Middle and Mauka zones is 
again masked by the continuity of the Prosopis for- 
ests, although the valleys are here more narrow and 
the valley type therefore less extensive. The slope 
vegetation is easily differentiated by its greater lux- 
uriance and density, by the abundance of Tricholaena, 
and by the addition to the Aecacia-Opuntia scrub of 
perennial individuals of Stachytarpheta jamaicensis. 
The understory of the Leucaena scrub is composed of 
more shade-tolerant and moisture-favoring species. 
The vegetation ean be described under five headings: 
the Prosopis forest, the Heteropogon grassland, the 
Tricholaena grassland, the Acacia-Stachytarpheta 
serub, and the Leueaena scrub. Figure 13 shows 
graphically the distribution of these communities of 
the Mauka Koa-Haole Zone. 


Mauka Flatlands 
The Prosopis Forest 


The Prosopis community is once again the only 
vegetation type worthy of recognition on the flatland 
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sites. No significant variation in its form and struc- 
ture from that of the other xerotropical zones was 
observed, although there are secondary differences in 
the understory which are to be correlated with the 
greater precipitation of this area. Lantana is found 
more frequently, and oceurs oceasionally in small col- 
onies that appear to be thriving despite the intro- 
duced insect pests mentioned previously. Trichachne 
is much more aggressive in this type than in others, 
and develops in some places a dense cover below the 
Prosopis. In openings in the forest it grows to a 
height of almost two meters, killing shrubs of lower 
stature and forming such a dense cover that no in- 
vasion by woody plants is seen to oceur. The even- 
tual development role of this herbaceous phase in the 
Mauka zone cannot be told from existing conditions. 
Mauka Mid-Slopes 

The Heteropogon Grassland 

The Heteropogon grassland, which is to be recalled 
as the predominant slope type in the Makai zone, 
and the fringing border on rock outcrops in the 
Middle zone, occurs also in the Mauka zone. In this 
relatively humid area it appears on the crests of the 
ridges, which in this zone are sharper and more pro- 
nounced than they are farther seaward. 

In structure and appearance, the grassland is closely 
related to that of the Middle and Makai zones. 
Woody plants are generally absent. Two grasses, 
Chrysopogon aciculatus and Eragrostis variabilis, 
occur in varying quantities with the Heteropogon, 
frequently increasing the coverage of the community. 
In other instances, various herbs oceur in interstices 
of the stand and are of only secondary significance. 
The following have been recorded in this position : 


Cassia Leschenaultiana 
Cenchrus echinatus and var. Hillebrandianus 
Cynodon Dactylon 
Dactyloctenium aegyptium 
Doryopteris decora var. decipiens 
Emilia sonchifolia 

Euphorbia hirta 

Lipochaeta lobata 

Osteomeles anthyllidifolia 
Peperomia leptostachya 
Phaseolus lathyroides 
Plectranthus parviflorus 
Portulaca oleracea 

Schiedea globosa 

Sida spinosa 

Sonchus oleraceus 

Tricholaena repens 

Waltheria americana 


The Tricholaena Grassland 

The most useful single indicator of the Mauka zone 
are the stands of Tricholaena repens, a relatively 
dense grassland, pleasingly pink at most seasons due 
to the colored inflorescences. Although this grass is 
found throughout the xerotropical region, it is only 
in this zone that the plant forms pure stands, both 
on basalt (Fig. 34) and on tuff. 

Tricholaena grows to a height of less than one 
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Mauka Koa-Haole zone. 
land on abandoned pineapple field. 


Fig. 34. Tricholaena grass- 
Small Prosopis at 
right. Wiliwilinui ridge. 4/6/37. 

meter and so usually shares dominance with no other 
species. Close inspection of the community, however, 
reveals that there is an amount of bare soil between 
the grass clumps. In such interstices are to be found 
a large number of herbaceous plants, indicating the 
close relationship of this community to other xero- 
tropical types. The following species have been 
found in Tricholaena grassland: 


Ageratum conyzoides 
Bidens pilosa 

Bidens sandvicensis 

Cassia Leschenaultiana 
Cenchrus echinatus and var. Hillebrandianus 
Chrysopogon aciculatus 
Crotalaria incana 
Crotalaria mucronata 
Desmodium triflorum 
Digitaria sanguinalis 
Doryopteris decora var. decipiens 
Eleusine indica 

Emilia sonchifolia 
Eragrostis variabilis 
Erigeron albidus 
Euphorbia geniculata 
Euphorbia hirta 

Euphorbia prostrata 
Heteropogon contortus 
Lipochaeta lobata 
Malvastrum coromandelianum 
Oxalis corniculata 
Phaseolus lathyroides 
Plectranthus parviflorus 
Portulaca oleracea 
Psilotum nudum 

Schiedea globosa 

Setaria verticillata 

Sida fallax 

Sida spinosa 

Sonchus oleraceus 

Stachys arvensis 
Stachytarpheta cayennensis 
Stachytarpheta jamaicensis 
Trichachne insularis 
Tricholaena repens 
Waltheria americana 
Xanthium saccharatum 


The Schinus Phase. The Tricholaena grassland at 
the summit of Koko Crater is now studded with the 








428 

dark green masses of Schinus shrubs. These plants 
are all new invaders, as evidenced from old photo- 
graphs, and appear to be still increasing in number 
and size. The plants have a truly remarkable effect 
on the local site in respect to soil accumulation, mois- 
ture retention, and litter accumulation. Soil exeava- 
tions below these shrubs and in the grassland, made 
late in the dry season, show below Schinus deep soil, 
with organic accumulations, and a noticeably high soil 
water content. To what extent such development can 
continue is a matter of importance to flood control 
and water conservation programs. 

The Trichachne Phase. On certain old abandoned 
pineapple fields in this zone, Trichachne appears to 
have taken possession in places apparently identical 
to adjacent ones bearing Tricholaena. The Trichachne 
grassland is more open and thin, with more exposed 
soil, than that of Tricholaena. Close examination of 
contacts between the two communities indicates that 
Tricholaena may slowly invade Trichachne, and it is 
therefore believed that the latter is an unstable com- 
munity, being sueceeded by the former on _ these 
slopes. 

The Paspalum orbiculare Phase. On certain deep 
undisturbed soils in this zone P. orbiculare is the pre- 
dominant grass, developing a grassland such as one 
finds commonly in the lowest parts of the pluviotrop- 
ical region. This community appears to be a mesic, 
relatively advanced type, on deep moisture-retaining 
soils that may have been more extensively distributed 
in Hawaiian times before most of the slopes had been 
stripped of their soils. 

Future Development of Tricholaena Grassland. Va- 
rious woody plants are found in this community, 
including Leucaena, Acacia farnesiana, Schinus, Pro- 
sopis, Lantana, and perennial Stachytarpheta, all of 
which develop satisfactorily, without undue etiolation 
and stunting by the grass. Although at present it 
appears to be a widespread type without evidence of 
rapid invasion by shrubs, the grassland is without 
doubt a developmental stage. Tricholaena is a light- 
demanding species, and through a gradual but con- 
tinuing invasion by shrubs, it will eventually be re- 
placed by the typical scrub of this zone. 

The Acacia-Stachytarpheta Scrub 

On the slopes of the Mauka zone, thicket vegeta- 
tion develops very luxuriantly. The plants attain a 
height of 2-3 meters, and branches are so closely inter- 
laced that it is often all but impossible to force one’s 
way through without cutting a trail. The increased 
density is due to the greater growth of Acacia far- 
nesiana and to the development of Stachytarpheta 
jamaicensis as a woody shrub instead of an annual 
herb. Both species may occur in pure stands or in 
various degrees of mixture. Locally Lantana may 
predominate, and Opuntia appears less abundant than 
in the Middle zone. Differences in the predominance 
of certain species are probably to be accounted for 
on the basis of priority of invasion at a relatively 
recent time when the site was open. 

The floristic composition of this community shows 
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its xerotropical affinities despite the difference in its 
physiognomy and dominants. The following species 
have been listed: 


Cassia bicapsularis 

Cassia Leschenaultiana 
Chrysopogon aciculatus 
Cocculus Ferrandianus 
Desmodium triflorum 
Eragrostis variabilis 
Erigeron albidus 
Indigofera suffruticosa 
Malvastrum coromandelianum 
Osteomeles anthyllidifolia 
Oxalis corniculata 
Prosopis juliflora 

Psidium Guajava 

Setaria verticillata 

Sida fallax 

Sida spinosa 
Stachytarpheta cayennensis 
Trichachne insularis 
Waltheria americana 


The dominants of the Acacia-Stachytarpheta serub 
are light-demanding species, and the entire commu- 
nity should be considered as an intermediate stage in 
succession, to be succeeded by more tolerant shade- 
producing plants when and as they invade the region. 
Aside from Leucaena (q.v. below), there appears 
to be no widespread change now in progress. The 
roles of Canthium, Erythrina, and Schinus have been 
mentioned before, and these three species, and _ per- 
kaps many others, may become more frequent in the 
future. 

The Leucaena Scrub 

Leucaena is well distributed throughout the Mauk: 
zone. In the Kanealole-Moleka-Maunalaha_valley- 
complex it attains its most luxuriant development on 
unconsolidated Farther east, where 
apparently grazing continued longer, it is less abun- 
dant, and is often restricted to queues along the 
water courses. Such water courses are the first sites 
to be invaded, possibly because of the facility with 
which seeds are water-borne. 

Leucaena in the Mauka zone attains its greatest 
size, although here also its growth is strictly depend- 
ent on the local site. Stands on lower slopes are for- 
est, rather than serub, composed of a large number 
of slender trees. The completeness of the overhead 
canopy of branches, and the fineness of the foliage 
through which sunlight filters produces a green and 
eery light not seen elsewhere (Fig. 35). 

The soil surface of the Leucaena stands is generally 
covered by a layer of dead leaves, pods, and twigs, 
and the superficial material is obviously dark and 
moist and offers a strong contrast to that which occurs 
outside the stand. Soil erosion is almost at a stand- 
still, permitting the lava below to weather into a 
deep mantle that highly favors infiltration and slow 
percolation to the water table below. 

The denseness of the Leueaena stand is such that 
almost all the species of the preceding heliophilous 
community are destroyed. Nevertheless, numerous 
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Fig. 35. Mauka Koa-Haole zone. 


ing Leucaena scrub. 


Mid-slopes, show- 
Bryophyllum in understory; Leu 


eaena pods in foot-trail. Trail on Round Top. Photo 
by R. J. Baker, pre-1937. 
other species are associated with Leueaena although 


these are very irregularly distributed. Such distribu- 
tion is to be expected in a type which has not ex- 
isted for many years and in which the rapidity of 
migration of the associated species is not as great as 
that of the dominant itself. Two types of herbaceous 
understory are so commonly met with as to warrant 
recognition as distinct phases. In one, there is a con- 
tinuous ground cover of Commelina diffusa, a plant 
which here is at the lower drier limits of its upland 


range. In the other, the grass Oplismenus assumes 
a very similar role. Other herbaceous plants that 


develop under these conditions are O.ralis corniculata, 
Oxalis Martiana, Cocculus Ferrandianus, Nephrolepis, 
Dryopteris dentata, Stachytarpheta cayennensis, and 
Ipomoea cairica. Trichachne and Tricholaena do not 
occur. Among the woody plants which are now in 
the seedling stage and appear to be developing well 
are Carica (observed in flower), Erythrina, Schinus, 
Morinda, and Osmanthus (seeds probably stream- 
borne). The climbing cylindrical cactus (Cerues gran- 
diflorus) develops very luxuriantly and knits the 
Leucaena thicket into an impenetrable tangle wher- 
ever it is present. Seedlings of Leucaena are them- 
selves very shade tolerant, and are very abundant 
even in the densest stands where such plants as Com- 
melina are shaded out. Psidium Guajava, usually 
considered a serious plant pest, is not killed out when 
Leueaena invades the site, but its growth is restricted 
by the much greater shade of Leucaena, and seedlings 
do not develop. In several instances Bryophyllum 
forms a continuous ground cover. This plant pos- 
sesses very fleshy leaves which produce adventitious 
buds in the notehes of the margin. The soil surface 
may be so matted with these decaying leaves that no 
further development of woody plants occurs and the 
future vegetation of these spots is therefore uncer- 
tain. 
and these colonies are few and small. 


Bryophyllum appears to spread vegetatively, 


From the conditions and trends indicated above, it 
appears certain that this Leucaena thicket is an inter- 
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mediate stage of vegetation development. The age- 
limiting, but in the 
course of time these thickets will be invaded by 
numerous other tolerant woody plants. The nature 
of this future mixed vegetation cannot be prophesied 
with any assurance, either as to its physiognomy or 


und-area factor is at present 


its floristic composition. 


LAND-USE IN SOUTHEAST OAHU 


This study of the vegetation of southeast Oahu has 
yielded some very interesting information concerning 
better land-use, and provides certain basic data which 
‘an permit improved land management in the future. 
Certain aspects of these problems have been treated 
already (Egler 1939a, 1941). The following com- 
ments will be in the nature of a summary of the dis- 
cussions in preceding pages. 

THe WATERSHED RESERVES 

All mountainous forested parts of Oahu have been 
set aside and rigidly controlled as watershed reserves. 
The high importance of this land for water produe- 
tion is mentioned in almost every article that concerns 
the mountain forests. 

The lower boundary of the watershed—at least for 
southeast Oahu—has been in the past the “lower for- 
est boundary.” This study has brought out the faet 
that such an existent “forest boundary” is a most mis- 
leading phenomenon to follow, and definitely is not 
correlated with potential watershed land. For ex- 
ample, present forest on the Koolau Range extends 
east to Mauna O Ahi ridge. Actually, potential rain 
forest land extends east for another 1.5 miles, almost 
to the head of Kamilonui valley. This stretch is now 
being grazed, losing what soil is left (Fig. 36), and 
being removed farther and farther from its water- 
producing possibilities. Under present watershed 
need on Oahu, the Merriam moisture line is the best 
indieator of the natural lower boundary for such 
reserves. 

Artificial reforestation on watershed lands, inelud- 
ing seeding and planting, has now reached a stage 
where a detailed study of those plantings -will be 
highly instructive. The degree to which the species 
becomes naturalized (Fig. 37), and the degree to 
which it furthers “development” of the vegetation is 








Fig. 36. 
void of macroscopic plant life. 


Potential watershed land, now entirely de- 
Rock and soil to a depth 
of ten feet, and possibly much more, have been washed 


Naturalized plants are known 
Guava zone on Hawaiiloa 


away in recent times. 
which will colonize these sites. 
ridge. 3/15/37. 
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far more important than any impressively tall growth 
which the trees may attain. Some planted stands, for 
example, on maturity quickly revert to undesirable 
scrub. Others, however, can withstand invasion of 
shrubby pests, and even of the uluhi fern (Fig. 38), 
and in turn will be succeeded by a seminatural self- 
reproducing forest (Fig. 39). 

The writer cannot share the hopeless and _pessi- 
mistie attitude that forest will never again naturally 
grow on certain areas of destroyed native forest. In 
his opinion, there are now enough alien naturalized 
forest species to bring back these lands to healthy 
self-perpetuating forest. He believes this would hap- 
pen naturally in the course of centuries: it can 
happen in one or two generations with the proper 
management by man. 


THE GRAZING LANDS 


All xerotropical lands of southeast Oahu, not used 
for residential and agricultural purposes, are subject 





Fic. 38. Actively developing watershed land. Dense 
young Psidium forest to the left; highly undesirable 
uluhi fern thicket to the right. This fern, in steam- 
roller manner, can invade grassland, scrub, and even 
decadent forest; it does not invade Psidium forest. For 
reasons now unknown, the fern commonly retreats from 
the edge of a Psidium forest. Oliver Emerson (Univ. 
of California) standing in the ‘‘trench’’ on a mass of 
recently dead fern fronds, leaning on Acacia koa, relict 
of the preceding native forest. Koa zone, Wiliwilinui 
ridge. 7/22/37. 


to cattle grazing. The maintaining of proper palat- 
able forage is difficult, as it is in every grazing 
country. Unpalatable species always tend to become 
abundant. On Oahu, there is the added difficulty of 
newly introduced unpalatable plants, such as Trich- 
achne, choking out the ranges. The problem of main- 
taining suitable palatability of the vegetation will 
always be in a state of flux, and no prediction can be 
made for the future as to the new difficulties that 
will arise. 

In respect to the soil, however, there is definitely 
room for recognition of certain facts, and for melio- 
‘ative action. The soil cover on the slopes of south- 
east Oahu is of the very first importance for the 
production of vegetation, palatable and otherwise. 
Such a soil cover ‘soaks up the winter rain and holds 
it to permit plant growth during the dry and other- 
wise dormant period. Without the soil cover, the 
land is as parched as a tin roof the day after a 
shower. 

The condition of southeast Oahu slopes in respect 
to soil cover is as deplorable as it is instructive (Fig. 

Fig. 37. Potential watershed land, until recently an 40), That some of these slopes probably became 
open grassland and serub. All dense dark patches are typed in early Hawaiian days makes the situation 
currently invading Psidium littorale, a naturalized alien ‘dre Bias Ais ‘ 

: no less pathetic. The writer is not surprised that 


and forerunner of a new forest. Guava zone at west . : : 5 
branch of Kuliouou guleh. 6/29/37. there was sufficient water for a native village near 
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Fic. 39. Newly developed watershed land. Psidium 
forest, probably less than 25 years old, which has sue- 
ceeded open grassland and scrub. Healthy understory 
of seedlings, including many native trees. E. Y. Hosaka 
(Univ. of Hawaii Agric. Exp. Sta.) beside Psidium tree. 
Koa zone, west branch, Niu guleh. 9/3/37. 





Land stripped 
to the bare rock, now supporting only scattered herbs. 
In right foreground is a small relict soil mat, bearing 
dense grassland, and rapidly eroding on the margins by 


Fig. 41. Soil erosion on grazing lands. 


undercutting. At left foreground, a Prosopis shrub 
established in a crevice, and favoring the development 
of a new soil mat. Slopes of Koko Head, looking across 
Hanauma Bay. 1/25/37. 


the base of the Koolau range at Waimanalo, nor 
that there are said to have been springs inside Koko 


crater. He would not be surprised to see them again, 
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even within his own life time, assuming a change in 
local interest and attitude. Today, distintegration of 
the rock surface appears to be rapid. This annual 
increment of disintegration now is yearly washed 
away by the winter rains. Present grazing keeps the 
vegetation so “undeveloped” that it never becomes 
thick enough to hold this new soil. With the proper 
man-encouraged “development” of vegetation, the soil 
would accumulate, the winter rains held to allow fur- 
ther plant development, to allow further soil aceumu- 
lation, all leading to some unknown future of far 
greater potentiality. At present, arid southeast Oahu 
reminds one unpleasantly of parts of Algeria, Tunis, 
and coastal Arabia, whose past glories, excessive 
grazing, and subsequent soil losses are well docu- 
mented in history. 


SPECIES CITED 
NOMENCLATURE BY H. St. Jonn! 

The species cited in the text are here listed in alpha- 
betical order, giving the Latin binomial, the author 
of the name, and the botanical family. Binomials of 
indigenous species are in italics; those of alien nat- 
uralized species are in boldface. Vernacular names 
are in Roman print. This is not to be considered a 
complete list of the plants of southeast Oahu. It in- 
cludes only those here considered of vegetational 
significance. 

This publication does not contain new names, de- 
scriptions of new species, new combinations of names, 
or any other new taxonomic entities. Flaveria tri- 
nerva is reported for the first time from Hawaiian 
islands. Collections of this and other species by the 
author are in the Bishop Museum, Honolulu. 


Abutilon incanum (Link) Sweet, Malvaceae 

Abutilon molle Sweet, Malvaceae 

Acacia farnesiana (L.) Willd., Leguminosae 

Acacia Koa Gray, Leguminosae 

Acanthospermum australe (Loefling) Ktze., Compositae 
Achyranthes aspera L., Amaranthaceae 

Adenanthera pavonina L., Leguminosae 

Ageratum conyzoides L., Compositae 

Albizzia Lebbeck (L.) Benth., Leguminosae 
Alternanthera sessilis (L.) R. Br., Amaranthaceae 
Alysicarpus vaginalis (L.) DC., Leguminosae 
Amaranthus hybridus L., Amaranthaceae 

Amaranthus spinosus L., Amaranthaceae 

Amaranthus viridis L., Amaranthaceae 

Anagallis arvensis L., Primulaceae 

Argemone alba Lestib. var. glauca Prain, Papaveraceae 
Asystasia gangetica (L.) T. Anders., Acanthaceae 
Atriplex semibaccata R. Br., Chenopodiaceae 

Avena sp., Gramineae 
Bacopa Monnieria (L.) 
Batis maritima L., Batidaceae 

Bidens pilosa L., Compositae 

Bidens sandvicensis Less., Compositae 
Boerhaavia tetrandra Forst., Nyctaginaceae 
Brassaia actinophylla F. Muell., Araliaceae 
Brassica juncea (L.) Cosson, Cruciferae 


Wettst., Scrophulariaceae 


1 It is believed that this list follows that of H. St. John lit- 
erally. It does not necessarily reflect the opinion of F. E. 
Egler, either as to various names used or to the custom of 
capitalizing certain specific epithets. 
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Bruguiera sexangula (Lour.) Poir., Rhizophoraceae 
Bryophyllum pinnatum (Lam.) Kurz, Crassulaceae 
Cacsalpinia Crista L., Leguminosae 

Cajanus cajan (L.) Millsp., Leguminosae 
Calophyllum inophyllum L., Guttiferae 

Canthium odoratum (Forst.) Seem., Rubiaceae 
Capparis sandwichiana DC., Capparidaceae 
Capsicum frutescens L., Solanaceae 
Cardiospermum Halicacabum L., Sapindaceae 
Carica Papaya L., Caricaceae 

Cassia bicapsularis L., Leguminosae 

Cassia Gaudichaudii H. & A., Leguminosae 

Cassia glauca Lam., Leguminosae 

Cassia Leschenaultiana De Candolle, Leguminosae 
Cassia occidentalis L., Leguminosae 

Cassytha filiformis L., Lauraceae 

Casuarina equisetifolia L., Casuarinaceae 


Catharanthus roseus (lL.) G. Don, and var, albus 
(Sweet), Apocynaceae 

Cenchrus echinatus L., Gramineae 

Cenchrus echinatus L. var. Hillebrandianus (Hitch- 


cock) F. B. H. Brown, Gramineae 

Centaurea melitensis L., Compositae 

Cereus grandiflorus (L.) Mill., Cactaceae 
Chenopodium album L., Chenopodiaceae 

Chenopodium murale L., Chenopodiaceae 

Chenopodium oahuense (Meyen) Aellen, Chenopodiaceae 
Chloris Gayana Kunth, Gramineae 

Chloris inflata Link, Gramineae 

Chloris radiata (L.) Sw., Gramineae 

Chrysopogon aciculatus (Retz.) Trin., Gramineae 
Coccoloba uvifera (L.) Jacq., Polygonaceae 

Cocculus Ferrandianus Gaudichaud, Menispermaceae 
Colocasia esculenta (L.) Schott var. antiquorum 
(Schott) Hubb. & Rehd. 

Commelina benghalensis L., Commelinaceae 

Commelina diffusa Burm. f., Commelianaceae 
Coronopus didymus (L.) Sm., Cruciferae 

Crotalaria incana L., Leguminosae 

Crotalaria mucronata Desv., Leguminosae 

Cucumis dipsaceus Ehrh., Cucurbitaceae 

Cuscuta sandwicensis Choisy, Convolvulaceae 
Cyclospermum leptophyllum (Pers.) Sprague, Umbel- 


liferae 


Cynodon Dactylon (L.) Persoon, Gramineae 
Cyperus auriculatus Nees & Meyen, Cyperaceae 
Cyperus javanicus Houtt., Cyperaceae 

Cyperus laevigatus L., Cyperaceae 

Cyperus rotundus L., Cyperaceae 

Cyperus trachysanthos H. & A., Cyperaceae 
Dactyloctenium aegyptium (L.) Richt., Gramineae 
Datura Stramonium L., Solanaceae 

Desmanthus virgatus Willd., Leguminosae 
Desmodium triflorum (L.) DC., Leguminosae 
Dicranopteris linearis (Burmann) Underw., Gleiche- 


niaceae 


Digitaria Henryi Rendle, Gramineae 
Digitaria pruriens (Trin.) Busse, Gramineae 
Digitaria sanguinalis (L.) Scop., Gramineae 
Digitaria violascens Link, Gramineae 
Dodonaea viscosa (Li.) Jacq., Sapindaceae 
Dolichos Lablab L., Leguminosae 
Doryopteris decora Brack. var. 
Tryon, Polypodiaceae 

Dryopteris dentata (Forsk.) C. Chr., Polypodiaceae 
Echinochloa colonum (L.) Link, Gramineae 
Echinochloa crusgalli (L.) Beauv. var. crus-pavonis 
(HBK.) Hitche., Gramineae 

Eclipta alba (L.) Hassk., Compositae 


(Hooker ) 


decipiens 
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Eleusine indica (L.) Gaertn., Gramineae 

Emilia sonchifolia (L.) DC., Compositae 

Eragrostis amabilis (L.) Wight & Arn., Gramineae 

Eragrostis cilianensis (All.) Link, Gramineae 

Eragrostis variabilis (Gaud.) Steud., Gramineae 

Erechtites hieracifolia (L.) Raf., Compositae 

Erigeron albidus (Willd.) Gray, Compositae 

Erigeron canadensis L., Compositae 

Erythrina sandwicensis Degener, Leguminosae 

Eugenia cumini (L.) Druce, Myrtaceae 

Euphorbia celastroides Boiss. var. amplectens Sherff, 
Euphorbiaceae 

Euphorbia Degeneri Sherff, Euphorbiaceae 

Euphorbia geniculata Ortega, Euphorbiaceae 

Euphorbia heterophylla L., Euphorbiaceae 

Euphorbia hirta L., Euphorbiaceae 

Euphorbia hypericifolia L., Euphorbiaceae 

Euphorbia multiformis H. & A. var. manoana Sherff, 
Euphorbiaceae 

Euphorbia prostrata Ait., Euphorbiaceae 

Fimbristylis cymosa R. Br. and var. 
(Hbd.) Kuekenth, Cyperaceae 

Flaveria trinervia (Spreng.) C. Mohr., Compositae 

Fourcraea gigantea Vent., Amaryllidaceae 

Franseria strigulosa Rydb., Compositae 

Galinsoga parviflora Cav., Compositae 

Gnaphalium purpureum L., Compositae 

Gomphocarpus physocarpus E. Mey., Asclepiadaceae 

Gompbhrena globosa L., Amaranthaceae 

Gossypium barbadense L., Malvaceae 

Gossypium tomentosum Nutt., Malvaceae 

Gynandropsis gynandra (L.) Briq., Capparidaceae 

Heliotropium curassavicum L., Boraginaceae 

Heteropogon contortus (L.) Beauv., Gramineae 

Hibiscus tiliaceus L., Malvaceae 

Hyptis pectinata (L.) Poit., Labiatae 

Indigofera suffruticosa Mill., Leguminosae 

Ipomoea Batatas (L.) Poiret, Convolvulaceae 

Ipomoea congesta R. Br., Convolvulaceae 

Ipomoea pes-caprae (L.) Sweet, Convolvulaceae 

Ipomoea cairica (L.) Sweet, Convolvulaceae 

Jacquemontia sandwicensis Gray, Convolvulaceae 

Lantana Camara L., Verbenaceae 

Lepidium auriculatum Regel & Koern., Cruciferae 

Leucaena glauca (L.) Benth., Leguminosae 

Lipochaeta integrifolia (Nutt.) A. Gray, Compositae 

Lipochaeta lobata (Gaud.) DC., Compositae 

Lycium sandwicense Gray, Solanaceae 

Lycopersicum esculentum Miller 
(Dun.) Gray, Solanaceae 

Malva parviflora L., Malvaceae 

Malvastrum coromandelianum (L.) Garcke, Malvaceae 

Manihot esculenta Crantz, Euphorbiaceae 

Marsilea villosa Kaulf., Marsileaceae 

Medicago hispida Gaertn., Leguminosae 

Medicago sativa L., Leguminosae 

Melinis minutiflora Beauv., Gramineae 

Merremia aegyptia (L.) Urban, Convolvulaceae 

Momordica Balsamina L., Cucurbitaceae 

Morinda citrifolia L., Rubiaceae 

Muhlenbergia microsperma (DC.) Kunth, Gramineae 

Myoporum sandwicense (A. DC.) Gray 

Nephrolepis exaltata (L.) Schott, Polypodiaceae 

Nicandra Physalodes (L.) Pers., Solanaceae 

Nicotiana glauca Graham, Solanaceae 

Ocimum Basilicum L., Labiatae 

Oplismenus hirtellus (L.) Beauv., Gramineae 

Opuntia megacantha Salm-Dyck, Cactaceae 

Osmanthus sandwicensis (Gray) B. & H., Oleaceae 


pyenocephala 


var. cerasiforme 
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Osteomeles anthyllidifolia Lindley, Rosaceae 

Oxalis corniculata L., Oxalidaceae 

Oxalis Martiana Zuce., Oxalidaceae 

Panicum Fauriet Hitche., Gramineae 

Panicum maximum Jacq., Gramineae 

Panicum nubigenum Kunth, Gramineae 

Panicum purpurascens Raddi, Gramineae 

Panicum torridum Gaud., Gramineae 

Paspalum dilatatum Poir., Gramineae 

Paspalum fimbriatum HBK., Gramineae 

Paspalum orbiculare Forst., Gramineae 

Paspalum Urvillei Steud., Gramineae 

Paspalum vaginatum Sw., Gramineae 

Passiflora edulis Sims, Passifloraceae 

Passiflora foetida L., Passifloraceae 

Passiflora foetida L. var. gossypifolia (Desv.), Mast., 
Passifloraceae 

Pennisetum setosum (Sw.) L. C. Rich, Gramineae 

Peperomia leptostachya H. & A., Piperaceae 

Phaseolus lathyroides L., Leguminosae 

Phyllanthus Niruri L., Euphorbiaceae 

Pithecellobium dulce (Roxb.) Benth., Leguminosae 

Plantago major L., Plantaginaceae 

Plectranthus parviflorus Henckel, Labiatae 

Pluchea indica (L.) Less., Compositae 

Pluchea odorata (L.) Cass., Compositae 

Plumbago zeylanica L., Plumbaginaceae 

Polypodium phymatodes L., Polypodiaceae 

Portulaca lutea Soland, Portulacaceae 

Portulaca oleracea L., Portulacaceae 

Portulaca villosa Cham., Portulacaceae 

Prosopis chilensis (Molina) Stuntz, Leguminosae 

Psidium Guajava L., Myrtaceae 

Psidium littorale Raddi var. lucidum (Hort.) Fosberg, 
Myrtaceae 

Psilotum nudum (L.) Griseb., Lycopodiaceae 

Pteris longifolia L., Polypodiaceae 

Reichardia picroides (L.) Roth, Compositae 

Reynoldsia sandwicensis Gray, Araliaceae 

Rhizophora Mangle L., Rhizophoraceae 

Ricinus communis L., Euphorbiaceae 

Ruppia maritima L. f. pacifica St. 
Ruppiaceae 

Salvia occidentalis Sw., Labiatae 

Santalum ellipticwm Gaud., Santalaceae 

Sapindus oahuensis Hbd., Sapindaceae 

Scaevola frutescens (Mill.) Krause, Goodeniaceae 

Schiedea globosa Mann, Caryophyllaceae 

Schinus terebinthifolius Raddi, Anacardiaceae 

Sesuvium Portulacastrum L., Aizoaceae 

Setaria geniculata (Lam.) 

Setaria verticillata (L.) Beauv., Gramineae 

Sida cordifolia L., Malvaceae 

Sida fallax Walp., Malvaceae 

Sida spinosa L.. Malvaceae 

Solanum nodiflorum Jacq., Solanaceae 

Solanum sodomeum L., Solanaceae 

Sonchus oleraceus L., Compositae 

Sorghum bicolor (L.) Moench., Gramineae 

Spergularia marina (L.) Griseb., Caryophyllaceae 

Sporobolus diander (Retz.) Beauv., Gramineae 

Sporobolus elongatus R. Br., Gramineae 

Sporobolus capensis (Willd.) Kunth, Gramineae 

Sporobolus indicus (L.) R. Br., Gramineae 

Stachys arvensis L., Labiatae 

Stachytarpheta cayennensis (L. C. 
benaceae 

Stachytarpheta indica Vahl, Verbenaceae 


John & Fosberg, 


3eauv., Gramineae 


Rich) Vahl,. Ver- 
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Stachytarpheta jamaicensis (L.) Vahl, Verbenaceae 
Stenotaphrum secundatum (Walt.) Ktze., Gramineae 
Synedrella nodiflora (L.) Gaertn., Compositae 
Tecoma stans (L.) Juss., Bignoniaceae 

Tephrosia purpurea (L.) Pers., Leguminosae 
Terminalia catappa L., Combretaceae 

Thespesia populnea (L.) Soland, Malvaceae 
Tribulus cistoides L., Zygophyllaceae 

Trichachne insularis (L.) Nees, Gramineae 
Tricholaena repens ( Willd.) Hitche., Gramineae 
Verbena litoralis H.B.K., Verbenaceae 

Verbesina encelioides (Cav.) B. & H., Compositae 
Vernonia cinerea (L.) Less., Compositae 

Waltheria americana L., Sterculiaceae 

Xanthium saccharatum Wallr., Compositae 
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AN ECOLOGICAL LIFE-HISTORY OF SPIRODELA POLY RHIZA (GREATER 
DUCKWEED) WITH EMPHASIS ON THE TURION PHASE! 


INTRODUCTION 


The work reported here was begun as an attempt 
to determine the causes of the peculiar local distribu- 
tion of the various native duckweeds. This problem 
was suggested by Dr. William S. Cooper who had 
noted that certain bodies of water regularly develop 
extensive blankets of one particular species, while 
other waters support considerable numbers of several 
species of duckweeds. After several weeks of field 
observation the literature pertaining to the Lemnaceae 
was examined, and it soon became obvious that de- 
spite the voluminous bibliography in this field there 
was not sufficient information concerning the influence 
of environmental factors on the various phases of the 
life eyeles of these plants to enable accurate analysis 
of the field observations. Consequently work was 
begun to fill in some of the gaps. It was decided that 
the greatest contribution could be made by intensive 
studies of a single key species. Spirodela polyrhiza 
(L.) Sehleiden was chosen for these studies because 
the details of its life-history are somewhat more eum- 
plex and interesting, and were more ineompletely 
studied than those of the five other native duckweeds, 
and because this species is one of the most abundant 
and widespread. 

This is one of the few duckweeds that produce 
clearly differentiated turions (winter buds), and al- 
though the turions hay. peen known since 1840 
(Hoffmann) very little experimental work has been 
conducted on these interesting structures. Quite de- 
tailed field observations have been recorded by Hoff- 
mann, Hegelmaier (1868), van Horen (1870), and 
Guppy (1895), but no important works have appeared 
on this subject since the last of these papers. Con- 
sequently I have concentrated my efforts on this 
phase of the life eyele with special emphasis on the 
influences of environmental factors on turion forma- 
tion and germination and other ecological relation- 
ships. To my knowledge the only other species from 
which turions have been described is Lemna gibba L. 
(van Horen 1870), but during the course of the 
present work they were noted also in Lemna minor L. 
and it is possible that they will be found in the 
closely related Lemna perpusilla Torrey. 

Spirodela polyrhiza has passed under the names of 
Lemna polyrhiza L., L. bannatica W. K. Kth., L. 
orbicularis Kit, L. orbiculata Roxb., L. major Griff., 
L. thermalis P. Beauv., Lenticula polyrhiza Lam., 
Telmatophace polyrhiza Godr., and T. orbicularis 
Schur. In spite of the fact that these names were 


1 Revision of a thesis submitted to the Graduate Faculty of 
the University of Minnesota in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy, February, 
947. 


all reduced to synonymy in 1868 (Hegelmaier) at 
least one of them, L. major, has continued to appear 
until recently. Of the 25 known species of the family 
Lemnaceae, five have been placed in the genus Spiro- 
dela and are recognized by being several-rooted rather 
than one-rooted as in Lemna (7 spp.) or rootless as 
in Wolffia (9 spp.) and Wolffiella (4 spp.). No other 
species of Spirodela is native to North America. The 
western Pacific species, S. oligorhiza, was collected 
from a stream in Missouri by Saeger (1934) and the 
writer recently noted it in aquariums being main- 
tained by Dr. Samuel Eddy of the Zoology Depart- 
ment of this university. It may have established 
itself in various locations in the United States as an 
escape from imported aquarium material. 

I am pleased to express my sincere appreciation 
to Dr. D. B. Lawrence for serving as my adviser and 
aiding in the preparation of this manuscript, to Dr. 
W. S. Cooper for guidance during the early stages 
of the work, to Dr. C. S. French for valuable sug- 
gestions pertaining to the physiological phases of the 
work and design of apparatus, and to my wife, El- 
deen, for technical aid and typing. 


GENERAL DISTRIBUTION 


S. polyrhiza is found throughout much of the tem- 
perate and tropical portions of the world. The most 
outstanding exception to this is the continent of 
Africa where it has been recorded only in Egypt. In 
the new world its range extends from southern Can- 
ada throughout the United States, Mexico, Cuba and 
south at least to Colombia. It has not been reported 
from Australia or New Zealand but is known from 
the Dutch East Indies, Japan, southern China, south- 
ern India, Ceylon, west to the Caucusus and across 
all of Europe except northern Finland, northern 
Seandinavia, and southern Italy and Sicily. 

This range is not quite as broad as those of Lemna 
minor and L. trisulca L. but it is greater than that 
of any other member of the Lemnaceae. Its distri- 
bution is quite remarkable in the light of the facts 
that S. polyrhiza is essentially a strict aquatic, very 
rarely produces seed, and cannot tolerate sea water. 

LocaL DISTRIBUTION 

S. polyrhiza is common in suitable habitats in all 
parts of Minnesota except the region just north of 
Lake Superior. Throughout the Spirodela-free area 
Pre-cambrian rocks are exposed or thinly mantled 
with non-caleareous glacial drift, and the depressions 
are occupied by cold oligotrophic lakes that are poor 
in dissolved solids and close to neutral in pH. Accord- 
ing to Moyle (1945) these lakes frequently have a 
total alkalinity of less than 50 parts per million 
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(determined by sulfurie acid titration and including 
all carbonates and any hydroxides present expressed 
in terms of calcium carbonate), a concentration of 
sulphate ion of less than 5 parts per million, and a 
summer pH of surface waters ranging between 6.8 
and 7.4. Spirodela has even advanced well into this 
region in warm ditches and shallow pools that are 
rich in organic material and subjected to the concen- 
tration of dissolved solutes by relatively rapid 
evaporation. 

Spirodela attains its best development in quiet 
permanent waters such as low-lying roadside ditches, 
shallow ponds, sheltered bays, ete., but it also occurs 
in slow-moving streams, along vegetation-choked lake 
shores, and even in pockets in floating bogs. It is 
rarely, if ever, found in cold springs where Lemna 
minor is occasionally seen. It is most commonly 
noted in bodies of water that receive full sunlight 
but like L. minor is sometimes seen in woodland ponds 
that receive little direct sunlight. 

Moyle (1945) classifies Spirodela, as well as all 
other native duckweeds, as belonging to “subgroup 2” 
of Minnesota’s “hard-water flora” which he defines as 
comprising species that are usually lacking in waters 
with a total alkalinity of less than 30 parts per mil- 
lion and which commonly occur in waters with a 
sulphate ion concentration greater than 50 parts per 
million. From his chemical analyses of Minnesota 
waters in which Spirodela was noted he gives the 
following “tolerance” ranges: 

(a.) total alkalinity = 49-297.5 parts per million. 

(b.) total sulfate ion = 1.0-619.2 parts per million. 

(c.) total hydrogen ion = 6.3-8-8. 

From his analyses of 225 lakes and streams scattered 
throughout Minnesota Moyle found the following 
ranges for the waters of the state: 

(a.) total alkalinity = 0.5-376.0 parts per million. 

(b.) sulfate ion = 0.0-1,296.9 parts per million. 

(ce.) hydrogen ion = 6.3-9.2. 

Hicks (1932) found a pH “tolerance” range of 
5.9-7.9 for Spirodela in Ohio. My observations at 13 
Spirodela stations in the vicinity of Minneapolis give 
a range of 6.4-8.5. Clark (1926) pointed out that 
the optimum pH varies with the composition of the 
culture medium. A synthetic medium gave _ best 
growth at a pH of 4.7-4.8 whereas a soil solution 
gave best growth at 6.3. It is therefore apparent 
that pH has only an indirect influence in determining 
the local distribution of Spirodela. 

DISPERSAL 

Dispersal by means of seeds is undoubtedly of 
negligible importance in S. polyrhiza. Flowering and 
seed formation are rare phenomena throughout most 
of the Lemnaceae, and Spirodela is no exception to 
this. The family appears to be characterized by 
evolutionary trends toward reduced morphological 
complexity and decreased frequency of flowering. 
Since vegetative reproduction is extremely well de- 
veloped and entirely adequate to maintain the species 
in all members of this family, flowering may justly 
be considered a luxury wherever it occurs. The ex- 
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tremes in the reduction of flowering series are marked 
by the genus Wolffiella with four species in which 
flowering is unknown, and Lemna minor in which 
flowering is quite commonplace. While S: polyrhiza 
is the largest and most complex of the duckweeds it 
is intermediate in its flowering tendencies. Reports of 
its flowering are sufficiently infrequent in the liter- 
ature to have been completely enumerated (9 times) 
by Saeger (1929) in a note on his discovery of the 
fiowers of Wolffia papulifera Thomp. along with flow- 
ering Spirodela in Missouri. Although I have found 
L. minor flowering profusely each July since 1942 
no flowering Spirodela has yet come to my attention 
in spite of the fact that I have observed it under a 
wide range of conditions. Saeger pointed out that 
while the above species were present in numerous 
ponds in the same vicinity, flowering specimens were 
found in only one, which suggests that some factor 
with extremely restricted distribution is responsible 
for flowering. It is interesting to note here that sev- 
eral accounts of the flowering of Spirodela refer to 
the simultaneous flowering of associated species (L. 
minor, L. perpusilla, L. trisulea, and W. papulifera). 
Even when flowering occurs and is followed by 
successful seed formation the dispersal value of the 
phenomena is reduced by the nature of the seed. It 
frequently germinates as soon as ripe, sometimes be- 
fore detachment from the parent plant (Arber 1920). 
It is obvious from the broad range of this plant 
and from the rapidity with which it establishes itself 
in newly formed ponds that paucity of seeds is no 
great handicap to its migration. Its movement 
throughout continuous water systems is easily under- 
stood since the vegetative plants or turions are read- 
ily carried by water currents and wave action, or 
blown across the surface of the water. Migration into 
temporary ponds, ditches, or other isolated waters 
may often be accounted for by floods which period- 
ically join these waters with others in which Spiro- 
dela is a permanent inhabitant. 

Other agents than water must be active in trans- 
porting this plant to permanently isolated waters. If 
the distance between the source and the new habitat 
is relatively short, a few miles or less, the agent may 
well be some aquatic mammal. Chief among these in 
the United States is the muskrat. I have frequently 
seen these animals emerge from the water with their 
pelts completely blanketed with duckweeds and their 
violent shaking did not remove all of the plants. 
Under certain conditions and at certain times of the 
year these animals leave the home pond and wander 
considerable distances in search of new ponds or food. 
Since they are chiefly nocturnal and move through 
sheltered low-lying ground the transient duckweeds, 
which cling to the fur and moist feet of the muskrat, 
are not subjected to rapid water loss. During periods 
of slight air movements a blanket of essentially sat- 
urated air hangs over such habitats and takes up 
water very slowly. Under conditions of heavy dew 
or rain the distance to which the plants ean be ear- 
ried is limited only by the extent of the animal’s 
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wanderings and the ability of the plants to remain 
attached. Spirodela and Lemna spp. become firmly 
attached by entanglement of their roots with the ani- 
mal’s fur but even rootless Wolffia thalli adhere suf- 
ficiently well to be transported by this means. I have 
seen a muskrat returning to a pond from a vegetable 
garden with several species of duckweeds still cling- 
ing to its fur. On several occasions I have noted 
newly formed ponds with duckweeds limited to small 
areas surrounding the entrances to muskrat “runs.” 

Waterfowl and other water-loving birds serve as 
dispersal agents for the duckweeds in much the same 
manner as aquatic mammals. While birds undoubt- 
edly represent an important factor in this regard, 
they are not as efficient carriers as would appear at 
first. consideration. The spring migration of these 
birds is largely completed by the time the duckweeds 
begin their growth (early May )in Minnesota. Dur- 
ing the breeding season the birds seldom wander far 
from the nest site. During the fall migration, con- 
ditions are not very favorable for dispersal since 
many ponds have shrunk or have been reduced to mud 
flats; the plants are not very vigorous and low tem- 
peratures retard growth rates; many waters are over- 
grown with emergent aquatics; and atmospherie con- 
ditions are frequently unfavorable for migration. 
Then, too, none of the duckweeds are very well 
adapted to dissemination by birds. Seeds occur only 
rarely and are not adapted for attachment to birds. 
The turions of Spirodela as well as the vegetative 
plants of other species are quickly killed by desicea- 
tion in moving air except under certain conditions. 
Therefore it is very unlikely that duckweeds would 
be transported great distances in a single hop by 
birds. Despite these limitations the dispersal of duck- 
weeds is undoubtedly accomplished to a considerable 
extent by water birds which are extremely abundant. 
These birds do not hesitate to fly in light rains and 
under such conditions late spring migrants may 
carry the plants several miles at a hop. The plants 
are most commonly carried attached to the legs, feet, 
and feathers of the breast and rump. On several 
occasions I have identified Spirodela turions from 
clods of mud attached to the feet of ducks examined 
from hunters’ bags. These turions could be carried 
for some time without injury even on a warm dry 
day. On one oceasion several blue-winged teal and 
mallards were shot as they aproached a pond. AI- 
most all duckweeds found on them were permanently 
wilted although in one case the bird was known to 
have been in the air only six minutes. This bird 
alone had a few L. minor plants still in viable con- 
dition between its breast feathers. 

It is possible though not very probable that seeds 
of the duckweeds might pass through the digestive 
tracts of birds intact and be dispersed in that man- 
ner. Due to the paucity of seed this would be a 
very unimportant means of dispersal, and it is quite 
possible that the thin seed coat is insufficient pro- 
tection for this to oceur at all. The turions of Spiro- 
dela are digested just as readily as the vegetative 
plants. This was determined by feeding them to eap- 
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tive young pied-billed grebes and coots. No viable 
turions were found in their droppings. Turions were 
also fed to and digested by aquarium fish. 

OTHER RELATIONS TO MARSH FAUNA 

The Lemnaceae have long been known as duckweeds 
or “duck meat.” Field observations made during the 
course of the present work tend to bear out the apt- 
ness of these terms but indicate that these plants play 
roles in the lives of many other animals as well. I 
have seen young or adults or both, of the following 
species of birds eating duckweeds: blue-winged teal, 
mallard, ruddy duck, wood duck, pied-billed grebe, 
Florida gallinule, sora rail, and coot. Other birds 
(black tern, lesser yellow-legs, and Virginia rail) 
were seen ingesting duckweeds along with animal mat- 
ter, probably accidentally. Duckweeds are undoubt- 
edly a very unimportant component in ‘the diet of 
these latter birds. 

The Lemnaceae also enter into the diets of fish. 
They are eaten occasionally by several species but 
undoubtedly are a minor part of their diets. At least 
in the case of the carp, however, these plants are 
consumed in quantity. I have seen carp feeding in 
shallow bays where a loud smacking sound was pro- 
duced each time a fish drew in a mouthful of duek- 
weeds. Young carp which were kept in aquaria ate 
duckweeds readily. 

The only mammal which I have seen eat these 
plants is the muskrat. In this respect the duckweeds 
assume a considerable economic value since the musk- 
rat is one of the most valuable fur-bearers. The 
young rats begin eating these plants soon after being 
weaned. I have found young in nest cavities that 
contained duckweeds as well as young grass shoots 
that were brought in by the parents. I have often 
seen adult muskrats feeding on duckweeds. They 
push piles (a cupful or more at a time) of the plants 
onto their feeding platforms and then using their 
front feet as hands they lift the plants to their 
mouths where they are ingested with a rapid chewing 
motion. 

Many lower animals also feed on duckweeds. Chief 
among these are slugs, snails, and the aquatie larvae 
of certain flies and beetles. It is interesting to note 
in this regard that while the vegetative plants of 
Spirodela are often found pitted or partly consumed 
by these organisms, the turions are never found in 
that condition. Even when placed in confinement in 
a battery jar snails (Physa) ate the vegetative plants 
but not the turions. I have found no explanation for 
this. 

A comprehensive study of the insects associated 
with Lemna in New York was made by Scotland 
(1940). She found 37 species in 12 orders but only 
8 appeared to be permanent residents and to exert 
an important effect on the plant’s economy. The 
effect of a duckweed cover on the breeding of mos- 
quitoes was investigated by Ancona (1930). He found 
that even a continuous cover of duckweeds did not 
prevent the development of larvae, but a mixture of 
Azolla and Lemna was effective in this. I made no 
studies of the insects associated with Spirodela. 
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EFFECTS ON HABITAT, AND COMPETITION 

Stephanova (1928) showed that a duckweed blanket 
over a shallow pond impedes oxygen absorption by 
the water and also reduces photosynthesis of sub- 
merged aquaties resulting in an extremely low oxygen 
content in the pond. Consequently anaerobic decom- 
position predominates with rapid accumulation of 
hydrogen sulfide and carbon dioxide. Most sub- 
merged aquatics cannot compete favorably under 
these conditions. Interestingly enough L. trisulca is 
almost universally present beneath ZL. minor and 
Spirodela. Green algae are conspicuously scarce 
whereas blue-greens are generally abundant beneath 
such cover. Utricularia vulgaris L. var. Americana 
Gray, the greater bladderwort, is one of the most 
tolerant submerged flowering plants in such a habi- 
tat. It is very commonly present and its showy 
aerial flower stalks are not suppressed by the densest 
canopy. Ceratophyllum demersum L., hornwort, pro- 
duces a relatively tolerant shade form that is quite 
common in such a community. The only other sub- 
merged aquatics which I have noted are the sago 
pondweed, Potamogeton pectinatus L., and Naias 
quadalupensis (Spreng.) Morong. They both appear 
able to tolerate near-anaerobie conditions but make 
rather poor growth under a duckweed canopy. In 
warm shallow ponds and marshes where the organic 
bottom layer is thick and decomposition occurs rap- 
idly the gases formed during anaerobic processes 
accumulate beneath the litter and buoy it to the sur- 
face. This may proceed to such an extent that by 
late summer most of the submerged plants have been 
eliminated. Spirodela and L. minor are able to main- 
tain themselves even on this floating mat unless dis- 
placed by emergent aquatics or marsh vegetation. 

The habitats of the rooted floating-leaf aquatics 
overlap those of the duckweeds but do not coincide 
with them since the bottom-rooted species are able 
to maintain themselves in deeper, more exposed, or 
flowing water. Where they do occur together the 
more robust species such as Nymphaea and Nuphar 
have a definite competitive advantage over the duck- 
weeds whereas the smaller species, such as the floating- 
leaf pondweeds, compete on a more equal basis. The 
floating leaves of these plants limit the surface area 
available to duckweeds, but do not grow in a closed 
formation which would exclude them. On the other 
hand, the filling of the intervening spaces by the 
duckweeds results in shading which tends to weaken 
the young shoots of. the rooted plants, and thus re- 
duce their competitive vigor. 

The duckweeds are unable to compete with emer- 
gent aquatics. The two groups are commonly found 
growing together but only when the emergents are in 
a loose formation which allows ample penetration of 
licht. 


METHODS AND MATERIALS 


The various research techniques made use of dur- 
ing the course of the present work fall into three 
categories according to the nature of the investiga- 
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tions under consideration. The data here reported 
were obtained by field observations, morphological 
studies, and controlled experiments. The field work 
was done chiefly to ascertain the ecological status of 
the native duckweeds as a group, with special ref- 
erence to Spirodela polyrhiza, a key species. The 
morphological studies were limited to Spirodela and 
greatest emphasis has been placed on the comparative 
anatomy of the turion and the vegetating plants. 
Some of these data which were absent from previous 
literature were essential to the interpretation of ex- 
perimental data. The experimental work was de- 
signed chiefly to determine what combinations of 
factors exert the greatest influence on the formation 
and subsequent germination of turions. 


FIELD OBSERVATIONS 

Most of the field data collected are descriptive or 
qualitative in nature and require no further explana- 
tion, but a few quantitative determinations are also 
included and require brief explanations. Two meth- 
ods were used for determining the pH of the various 
duckweed waters studied. Whenever possible sam- 
ples were brought into the laboratory and tested with 
a Beckman pH Meter. When the time interval be- 
tween sampling and testing was likely to be more 
than two hours a drop of toluene was added to the 
three-ounce sample as an inert preservative. When 
this method was used a colorimetric determination 
(Lamotte method) was made in the field as a check. 
A few determinations were made when it was not 
possible to take samples to the laboratory promptly 
so only colorimetric methods were used for these. 

In determining the relative numbers of and areas 
occupied by competing species of duckweeds several 
samples from different parts of the community were 
analyzed. The samples were collected by submerging 
a tin can, about six centimeters in diameter, and then 
raising it, with open end up, through the duckweed 
blanket. This gave samples that were quite uniform 
in area. Occasionally the plants formed mats several 
layers thick. In such instances an area was swept 
free of duckweeds and the sample was taken after ¢ 
single layer had drifted back across this area. The 
relative areas occupied by the component species 
were determined by transferring the plants one spe- 
cies at a time to a vial of water about 2.5 centimeters 
in diameter. When no more could be added without 
overlapping they were counted and discarded. This 
was repeated with each floating species until the 
sample was used up. The numerical ratios were thus 
obtained from direct count and the areal ratios were 
in terms of relative numbers of vials per species. 
This method could not be used with L. trisulca be- 
cause of its growth form. In analyzing samples con- 
taining Wolffia the two species were lumped for 
areal determinations in the original sample but small 
samples were counted to ascertain the relationships 
between the two species. The average ratios of all the 
samples from a particular community were reduced 
to the smallest whole numbers. 
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MoRPHOLOGICAL STUDIES 

These studies were made on both living and fixed 
materials with the aid of a dissecting microscope. 
Fixed materials were run into mineral oil for gross 
observations on the primordial structures and the dis- 
tribution of vascular strands. Materials for anatom- 
ical studies were fixed, usually without aspiration, 
in either FAA (formalin-acetic-aleohol) or CRAF 
(chrome-acetic-formalin) fixers. The turions are less 
delicate due to their compact structure and conse- 
quently gave good results with aspiration and rapid 
fixation in FAA, whereas the delicate structure of 
the vegetative plants was best preserved when fixed 
in dilute CRAF without aspiration. The fixed mate- 
rials were embedded in paraffin by means of the 
CRAF butyl aleohol series. Embedded materials 
were sectioned in various planes with a rotary micro- 
tome at thicknesses of 10 to 14 microns. The vege- 
tative shoots required the thicker sectioning. Serial 
sections were stained with safranin and counterstained 
with fast green. In order to minimize the shrinkage 
due to fixation frozen sections were cut from fresh 
turions to furnish material for measurements. 

EXPERIMENTAL STUDIES 

Most of the experimental data reported here were 
obtained from tests on a pure-line clone developed 
from a single vigorous plant that was collected from 
a local pond. This was done to minimize differences in 
physiological response due to genetic variation. The 
clone was maintained in Hoagland’s solution at 25° 
C. with continuous tungsten lamp illumination of 
approximately 200 foot candles. The medium was 
usually changed at weekly intervals. Under these 
conditions the stock did not produce turions and 
therefore served as a constant supply of non-turion- 
producing plants. Another stock culture of this clone 
was maintained in the greenhouse. It periodically 
produced turions in abundance and served as a source 
for these bodies. Turions were also produced under 
test conditions for use in certain experiments. These 
instances are described in the experimental sections 
of this work. Various preliminary tests were made 
on freshly collected mixed populations, and many 
later tests included parallel series of the pure native 
clone and a stock obtained from a collection made in 
Florida by Dr. Cooper. 

Most of the experimental portion of this work was 
conducted in a rather elaborate set of culture cham- 
bers illustrated in Figure 1. During the course of 
the design and construction of the apparatus I was 
aided by the suggestions of Dr. C. Stacy French of 
this department. The chief advantage of this appa- 
ratus is the large number of combinations of environ- 
mental conditions which can be maintained in it 
simultaneously. It consists basically of six water 
baths used to maintain the culture vessels at six 
different temperatures, and additional equipment for 
maintaining two different photoperiods, and several 
different light intensities simultaneously. Figure 1 
is drawn to a seale of 1:15. 

Each of the metal water-bath tanks (Figs. 2 and 3) 
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is 30 ins. by 12 ins. by 12 ins. (length, width, and 
depth) and is divided by a partition into upper and 
lower compartments. The upper compartment is in 
turn divided into two culture- 
chambers that are separated by a middle section six 
Openings six inches square were cut 


twelve-inch-square 


inches wide. 
in the centers of the bottoms of the two upper cham- 
bers to allow free mixing of the water in these baths 
through the lower compartment. This is accom- 
plished by means of a mechanically driven propeller 
on a shaft that extends through the midsection into 
the lower compartment. In order to furnish support 
for the culture vessels and to prevent transference 
of light between the two culture chambers through 
the lower compartment a shelf nine inches square is 
placed over each opening on legs about an inch in 
length. The six tanks were arranged side by side 
with their 30-inch faces in contact in an insulated 
box. Cooling coils were placed in the bottom of a 
tank at one end of the series and an adjustable 
thermostat was placed in one of the upper chambers 
of this tank. This control was then adjusted to the 
lowest temperature to be used in the next series of 
tests. The fifth tank in the series was equipped with 
a thermostatically controlled heater and adjusted to 
the highest temperature to be used. Since the tanks 
were made to fit tightly together heat transfer oe- 
curred between them in such a way that a gradient 
was set up when they came to equilibrium. This 
gradient was not entirely uniform at first, so varying 
thicknesses of paper were placed between the tanks 
at the critical points until the desired temperatures 
were attained. The steepest gradient occurred be- 
tween adjoining tanks at the warm end of the series. 
For this reason the heater was placed in the fifth 
‘rather than the sixth tank making it easier to main- 
tain a uniform series of temperatures from 10°-35° C. 
(in the following order: 10°, 15°, 20°, 25°, 35°, 30°). 
The temperature variations from the values stated 
were = 1° C. for the intermediate tanks and some- 
what less than this at the controlled extremes. 

\ sheet metal chimney four feet tall with a twelve- 
ineh-«vjuare cross-section was set over each chamber. 
A 150 watt Mazda Reflecto-flood lamp was placed in 
each chimney at the end of a length of conduit which 
was centered by means of a cross-beam and set-serew 
at the top of the chimney. This made it possible to 
control the light intensity incident on the cultures at 
the bottom of the chimney by changing the position 
of the lamp. A sheet metal bucket nine inches square 
and eight inches deep with a glass bottom was sus- 
pended from each lamp fixture. This was filled to 
a depth of six inches with water to serve as a heat 
fiiter. A surface layer of colorless heavy mineral oil 
two to three millimeters in thickness was added to 
reduce evaporation. Similar layers were added to the 
water baths in the culture chambers. This technique 
proved very effective. 

The maximum practical light intensity that can 
be attained with the set-up just described is approxi- 
mately 1200 foot candles or roughly one-eighth of 
maximum direct sunlight intensity at sea level. For 
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Fie. 1, Culture Apparatus. 
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Fic. 2. Water-baths viewed from above. 
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Fig. 3. Vertical mid-section of a water-bath. 


most of the experiments a maximum of 800 foot 
candles was found to be sufficient, however, and this 
was easier to maintain. Within each culture-chamber 
lower intensities were also attained with the aid of 
paper filters placed over some of the culture vessels. 
These filters consist of one or more layers of various 
kinds of thin paper. Sets of these were made to 
reduce the light intensity to one-half, one-fourth, one- 
eighth, and one-sixteenth. 

The two parallel series of chambers were lighted 
by parallel cireuits which were controlled by separate 
time switches. Thus each combination of temperature 
and light intensity was maintained at two photo- 
periods. 

Most of the test cultures were in 150- 
milliliter beakers containing 125 milliliters of culture 
medium. The depth of the water baths was main- 
tained at approximately the same level as that of the 
media in the beakers. A sheet of glass was laid across 
the beakers in each chamber. This served to prevent 
dust from settling in the cultures and retarded evap- 
oration. It was assumed that the irregularity pro- 
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duced by the lip of the beaker allowed ample diffusion 
of gases to maintain equilibrium with the atmosphere. 


The light-reducing filters were arranged in their 
proper positions on the cover glass. 
For the cultures supplied with carbon dioxide- 


enriched atmosphere 250-milliliter Erlenmeyer flasks 
were used as shown in Figure 4. In some of these 
cultures the gas was simply passed over the plants, 
whereas in others it was bubbled through the media. 


5% CO, IN AIR 
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Fig. 4. 


Method of supplying CO, to the cultures. 


were used in the latter instances to 
disperse the bubbles. These blocks were turned out of 
fine-particle carbon rods on a lathe. They were 
rinsed in a mixture of sulfurie and nitric acids and 
then washed thoroughly in distilled water before use. 
The gas used was a mixture of 5 percent CO: and 
95 pereent air. It was passed through very slowly 
so the minute bubbles disturbed the cultures but little. 
Since the flasks were connected in a series they all 
received the gas at the same rate. They were tilted 
at an angle of 45° and illuminated from above. Each 
contained 150 mls. of solution. 


Carbon blocks 


Several different culture media were tried inelud- 
ing various modifications of Knop’s, Pfeffer’s, and 
Hoagland’s formulae. Of those tried, a modification 
of Hoagland’s solution gave the best growth under 
the experimental conditions employed. 

As used the medium contained: 

0.5 gram MgS0O.s.7H:O 

1.0 gram KNO: 

0.14 gram KH:2POs —per liter Pyrex-redistilled 

water 
0.6 gram Ca(NOs):4H:O 
3.0 milligrams H:BOs 








446 
2.0 milligrams Mn Cl:.4H:O 
0.2. milligram ZnSO.:.7H:O 
0.07 milligram MoOs 
0.08 milligram CuS0.s.5H:O0 


5. milligrams Ferrie tartrate 


The solution was changed at weekly intervals in most 
cases. More frequent changes were made in some 
tests at higher temperatures where decreased growth 
rates seemed to warrant it, and a few tests were made 
without change. 

Unless otherwise stated all recorded tests were run 
in duplicate. Many of the preliminary tests and 
any which indicated irregularities were repeated. The 
data reported represent means of duplicate cultures. 

In making counts only offshoots which were large 
enough to extend beyond the rim of the sheathing 
pocket were counted. In determining wet weights 
the plants were placed first on dry filter paper which 
quickly absorbed the free water. They were then 
transferred to covered crucibles, weighed, and dried 
in an oven at 105° C. after which they were again 
weighed to give the dry weight. 


STATUS OF SPIRODELA IN LOCAL 
DUCKWEED COMMUNITIES 

Various aspects of the life-history of Spirodela, of 
its local distribution, and of its ecological relation- 
ships within local duckweed communities can be best 
ascertained by a general survey of the various com- 
munity types found in Minnesota. The data included 
in the following discussion present an interesting dis- 
tributional problem and form the bases for much of 
the experimental work that was performed during 
the course of this research. The field observations 
also served by affording standards for comparison of 
the behavior of plants under natural and experimental 
conditions. 

There are six species of Lemnaceae in Minnesota 
and all oceur in the vicinity of Minneapolis. They 
appear to have essentially identical habitat prefer- 
ences and I have found them all thriving in the same 
pond. More commonly, however, they oceur in com- 
munities in which one or two species predominate. 
These may be the only species present but frequently 
others occur in smaller numbers. 

Lemna perpusilla and Wolffia punctata Griseb. are 
less abundant than the other species but they may be 
more common than records indicate since they are 
easily overlooked due to their resemblance to L. minor 
and W. columbiana Karst. respectively. W. punctata 
has been previously reported only from Twin Lakes, 


Hennepin County (Moyle 1945), but I have collected 


it from five separaté ponds near Lake Minnetonka, 
Hennepin County, two ponds near Clearwater Lake, 
Wright County and from ponds along the Mississippi 
River in Houston County. Lemna trisulca is one of 
the most uniformly distributed species though it too 
is often overlooked since it grows completely sub- 
merged and is therefore hidden from view by the 
floating species. Collections of L. minor or Spiro- 
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dela sometimes reveal the submerged species tangled 
in their roots. 

Field observations over a period of four years indi- 
cate that many waters are qualitatively and quanti- 
tatively quite constant in their duckweed populations 
from year to year even though the seasonal aspects 
may differ markedly. Consequently, except for newly 
formed ponds with unknown potentials, most waters 
may be arranged in a series from those which have 
no duckweeds to those which contain all of the native 
species. Fonds or lakes which are entirely devoid of 
duckweeds are very rare in the vicinity of Minne- 
apolis. Most of them are obviously temporary or 
newly formed. The only exception noted is a small, 
spring-fed, permanent pond about 20 meters in di- 
ameter in heavy shade on the Mission Farm grounds 
at Medicine Lake. It was observed only during May, 
1946. The writer found several such ponds in Itasca 
Park. In Minnesota ponds without duckweeds are 
common only north of Lake Superior. 


PurE Lemna minor 

Sevaral ponds have been noted with complete cov- 
ers of L. minor and no other duckweeds present. An 
excellent example is a cool, spring-fed pond about 
10 meters in diameter and one half meter deep. It is 
situated in rather heavy shade in Minnehaha Glen. 
The duckweed cover becomes complete early in July. 
It has been observed during the summers of 1944, 
1945, and 1946. The water level is relatively con- 
stant and the spring seepage is evidently adequate to 
prevent complete freezing in winter since the green 
frog, Rana clamitans, breeds successfully there. The 
tadpoles of this frog require two seasons to mature 
and they must winter-over in water. Brook stickle- 
hacks, Eucalia inconstans, are also permanent residents. 

Other pure L. minor ponds were found in com- 
pletely exposed situations. A shallow pond on the 
south side of Minnetonka Boulevard, just west of 
Minneapolis, at 93° 24’ W. long. and 44° 56’ N. lat., 
contained no other duckweed during the period 1943- 
1946. This pond also has a luxuriant growth of 
ereen algae. A shallow pond in a dump area just 
south of Minnetonka Boulevard at the Minneapolis 
city limits was found to have a complete cover of 
L. minor, and a few cattails but no other aquatic 
phanerogams in 1943 and 1944. It was filled in with 
soil the next year. 

Several of the pure ZL. 
newly formed. One of these is of particular interest. 
It was formed by grading operations in construction 
of a gravel road and a homesite in lowland one mile 
southeast of Gray’s Bay, Lake Minnetonka. The 
depression occupied by the pond was formed chiefly 
by settling of the fill-in and subsequent rise in the 
water table. The pond is approximately 40 meters 
long and 25 meters wide. It had contained water 
for two seasons when first observed in July, 1943, and 
was already completely covered with L. minor. A 
flooded area about 100 meters distant contained all of 
the duckweeds except L. perpusilla. A small pond (10 
x 15 meters) across the road from the new pond was 


minor ponds were obviously 
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covered almost entirely by L. minor, but it also con- 
tained a few widely scattered Spirodela and some 
L. trisulea. This is an old pond completely sur- 
rounded by trees and shrubs. In July, 1944, the new 
pond contained a few widely scattered Spirodela. In 
August, 1945, Spirodela was still not abundant but 
it was quite uniformly distributed across the pond 
and L. trisulca was found for the first time. 

Lemna minor Pius Lemna trisulea 

Most waters which appear at first to support only 
L. minor prove on closer examination to contain a 
considerable understory of L. trisulca. In such ponds 
the submerged species makes its most rapid growth 
early in the season before the L. minor cover is com- 
plete. By that time, under favorable conditions, a 
few small compact offshoots similar to L. minor may 
have detached themselves from the submerged plants 
and floated to the surface where they soon produce 
flowers. L. trisulca fronds which develop later under 
the surface canopy are larger, thinner, and propor- 
tionately more slender than the sun form. 

Pure Lemna trisulca 

L. trisulca is usually found associated with other 
duckweeds but I have occasionally found it along ex- 
posed lake shores between rooted submerged or emer- 
gent aquatics where no other duckweeds occurred. 
Since it is not so exposed to wind or wave action it 
is better suited to such situations than are the other 
species. In Lake Itasca as well as several other 
places the writer has found this species in stands of 
wild rice, Zizania aquatica L. 

It is possible that other species of native duck- 
weeds also occur in pure stand occasionally, but no 
such instances have come to his attention. It is not 
uncommon, however, for one or two other species to 
predominate. 

CHIEFLY WOLFFIA 

A few ponds have been noted in which Wolffia 
greatly predominates although several other species 
are present in relatively small numbers. In some 
both W. punctata and W. columbiana are present, 
but in others only the more widespread W. colum- 
Liana occurs. Detailed observations of seasonal de- 
lopment were made in a pond located about one mile 
north of Gray’s Bay, Lake Minnetonka, which illus- 
trates this type of community. 

Observations were begun May 19, 1943. At that 
time Spirodela turions were still germinating, L. 
trisulea and L. minor were thinly but uniformly dis- 
tributed around the margin of the pond, and L. per- 
pusilla was found only in a flooded grassy area on 
the southwest margin. The numerical ratio of W. 
columbiana to W. punctata was roughly three to one, 
and together these two species occupied about twice 
the area occupied by Spirodela and L. minor. The 
duckweeds were limited to a very narrow irregular 
fringe around the pond. Bottom samples yielded no 
living duckweed material indicating that essentially 
all plants that had overwintered were already active. 
The bottom is firm consisting of gravelly sand and 
some humus. Organic matter has accumulated only 


Aw Ecovoaicau Lire History or Spirodela Polyrhiza 


447 


in the deeper water. ‘The pond is about 70 meters 
in diameter and has a maximum depth of somewhat 
over two meters. The pH was determined on June 
9, July 4, and July 17 at different places in the 
pond. The range of nine readings was 7.4 to 7.7. 

On June 9 the duckweeds formed a marginal fringe 
averaging about one meter in width but ranging to 
two meters on the leeward (east) side. Small rafts 
of mixed duckweeds were seattered across the pond. 
The ratio of W. columbiana to W. punctata was 
three to two. These two species occupied roughly 
three times the area occupied by Spirodela and L. 
minor together. 

On July 4 a light wind was blowing from the west. 
The leeward one-third of the pond was completely 
covered with duckweeds which had drifted into a 
border several centimeters thick and a meter or more 
wide along the leeward margin. The remainder of 
the pond was covered by large seattered rafts of duck- 
weeds. W. punctata had increased over W. colum- 
hiana from a ratio of one to three on May 19 to a 
ratio of three to two which proportion was main- 
tained for the remainder of the summer. 

On July 17 a strong wind had swept the entire 
west margin and main body of the pond free of duck- 
weeds. The east margin was lined with a border of 
duckweeds up to seven meters wide and from two 
tc eight centimeters thick. The relative proportions 
of the various species were about as on July 4. Many 
Wolffia plants of both species were noted at the bot- 
tom of the pond. These were undoubtedly the non- 
buoyant over-wintering thalli but they are otherwise 
indistinguishable from the vegetating fronds. Except 
for the continued settling out of Wolffia plants and 
Spirodela turions little further change occurred in 
the pond until the cessation of growth in October. 

The pond was revisited in 1944, 1945, and 1946. 
Approximately the same conditions prevailed. 

CHIEFLY SPIRODELA 

While Spirodela is one of the most abundant and 
widespread of the native duckweeds the writer knows 
of no instances of it occurring in a pure stand. Nor 
has he found waters which contained species of both 
Lemna and Wolffia but lacked Spirodela. This spe- 
cies most commonly oceurs in mixed communities con- 
taining from three to six species and it is only 
oceasionally the predominant species. Even then it 
somet'mes covers the largest area only because of its 
ereater size without being the most numerous species. 
In Itasca Park duckweed communities were found 
with numerical abundance ratios ranging from three 
Spirodela to one L. minor in some ponds to pure 
Lemna in others, and a maximum areal ratio of seven 
to one for Spirodela over Lemna. Lemna trisulca is 
usually also present in these communities. The sea- 
sonal development of a pond in which Spirodela pre- 
dominates usually closely parallels that of the type 
described in the next section. 


ComMPLEX MIXTURES 


All communities that contain representatives of 
each of the native Minnesota duckweed genera are 
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characterized by approximately the same stages and 
trends in their seasonal development. Some of these 
features have already been outlined in the section 
dealing with Wolffia ponds. The present discussion 
deals with a pond that supports a coniplex duckweed 
community which may be considered typical for the 
central Minnesota region. The chief variables are 
quantitative, mainly the relative numbers of indi- 
viduals of con.ponent species. 

The community to be discussed is located in about 
an acre of flooded lowland beside a canal which joins 
a deep pond with the south shore of Wayzata Bay, 
Lake Minnetonka. It was first visited May 9, 1943. 
At that time only L. minor was obvious at the sur- 
face, but numerous turions of Spirodela were found 
in the bottom litter, and some had already reached 
the surface and were beginning to germinate. Much 
of the bottom was covered with L. minor plants that 
had their roots entangled in the litter. They had 
obviously become thus entangled late in the previous 
summer when the water level was lower. Buried by 
fall rains and winter ice and snow they had wintered 
over in that position. Slight agitation of the water 
brought many of the plants to the surface. It was 
noted that gas bubbles which were probably the 
products of photosynthesis adhered to each cluster of 
plants. This adherence was aided by fine filamentous 
algae which covered some of the thalli. The added 
buoyancy of the bubbles aids greatly in bringing the 
plants to the surface. 

Evidently Spirodela plants had also been anchored 
to the bottom litter in large numbers but were unable 
to survive encasement in ice. This was shown by 
numerous purplish slimy masses that were scattered 
among the litter. They were occasionally associated 
with turions or with partly decayed plants and repre- 
sented the decomposition products of Spirodela 
plants. Vegetative plants of this species do not live 
through the winter in Minnesota. 

Lemna trisulca was abundant and evenly distrib- 
uted. Some floated just beneath the surface and 
others were attached to the bottom litter. No Wolffia 
was noted. 

On May 19 duckweeds covered a broad marginal 
band two to four meters wide, but the surface inside 
of this was essentially clean. The ratio of L. minor 
to Spirodela was about three to one, but the Spiro- 


dela turions were still germinating abundantly. Al- 
though less numerous, LZ. minor turions were also 


germinating. These are distinguishable from Spiro- 
dela turions in several respects. They are broadly 
elliptic rather than subreniform, they produce no 
roots on germination; the reproductive pockets are 
on the short end rather than in the long side of the 
turion; and anthocyanin pigment,is lacking. The 
size ranges up to 2.4 x 1.5 millimeters when dormant. 
Turions were hitherto undescribed for L. minor. 
Arber (1920) states, “No definite turions are formed.” 

Some L. minor plants were still attached to the 
bottom litter. 


On June 9 no turions could be found. The numer- 
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ieal ratio of L. minor to Spirodela was roughly three 
to two, but the latter species oceupied the greatest 
area (3:4). A marginal band five to seven meters 
broad was covered solid, and many plants were float- 
ing loose on the open water. The water was four 
decimeters deep at the outer edge of the solid zone, 
and had risen a little more than one decimeter since 
May 19. No more submerged attached L. minor was 
seen. 

sy July 4+ Wolffia was noted as searee but quite 
evenly distributed. It is peculiar that it was not 
noted before. ZL. minor was flowering quite abun- 
dantly. Spirodela had just begun to form turions. 
The ratio of these two species was almost one to one, 
and Spirodela had gained proportionately in area 
over L. minor to two to one. The water level was 
two decimeters higher than on May 19. The extent 
of the duckweed was little different from 
June 9. 

On July 17 the water level was only very slightly 
lower than on July 4. The duckweed cover had ex- 
panded only slightly and the ratios were about the 
same. Wolffia was somewhat more abundant but less 
than one tenth as abundant as Spirodela. L. perpu- 
silla was noted in small seattered groups in one area. 
Spirodela was producing turions profusely. A few 
1. minor plants were still flowering. No flowers were 
noted on any other duckweed in the pond. 

Few further changes occurred in that pond until 
the cessation of growth in October. Spirodela plants 
eontinued to produce turions until killed by heavy 
frost. LL. minor turions were noted August 7 for the 
first time. Water samples for pH determinations 
were collected at the margin of the solid-cover zone 
through the summer. The readings showed only 
moderate variation and a range of 7.7 (July 4) to 


eover 


7.2 (August 7). 

The observations reported here serve to point out 
that while the habitat preferences of the various 
native duckweeds are quite similar they differ con- 
siderably in vigor in different ponds. In order to 
explain these variations it is necessary to know how 
the critical phases in the life-histories of these plants 
respond to variations in the more important environ- 
mental factors. Some of this information was ob- 
tained from the field observations and some was 
available from the literature, but much of it had to 
be obtained from controlled experiments. In temper- 
ate regions the most eritical phases in the lives of 
these plants are those associated with overwintering. 
In Spirodela these phases center around the turion, 
its formation, overwintering, and germination. These 
are the subjects of the experimental portion of this 
work. Probably the most important variables acting 
on these phases are temperature, light intensity, and 
photoperiod. These are the factors which were most 
thoroughly tested and which determined the design 
of the experimental apparatus. Some tests were also 
made on the influence of variations in earbon dioxide 


and nutrient supply. 
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MORPHOLOGY AND ANATOMY 


MorPHo.ocy 

Various and divergent views have been set forth 
concerning the morphological interpretation of the 
vegetative bodies found in the Lemnaceae. This is 
true in spite of the fact that their taxonomie position 
as highly specialized derivatives of the Araceae is 
quite generally accepted. The degree of divergence 
of this group from its nearest Aroid kin is thus indi- 
eated. To be sure, if the most extremely reduced 
species such as Wolffia spp. or Wolffiella spp. are con- 
sidered separately few sound analogies ean be drawn 
between them and any of the Araceae. Spirodela 
polyrhiza, on the other hand, is sufficiently well dif- 
ferentiated to allow certain reasonable comparisons 
with Pistia Stratiotes as have been made by Engler 
(1877) and Arber (1919). The Lemnaceae as a nat- 
ural family is sufficiently homogeneous to allow valid 
extension of observations based upon the more com- 
plex members to even the most reduced species. 

The lemnacean frond has been considered: (1) as a 
stem functioning as a leaf by Hegelmaier (1868), 
(2) as a leaf, pure and simple by Goebel (1921), and 


(5) as foliar in the distal portion but axial in the 
proximal portion by Horen (1870) and Engler 
(1877). After detailed study of serial sections and 


living material of S. polyrhiza the writer subscribes 
to the third view with various further refinements. 
The frond of Spirodela terminates a slender stolon 
(Figs. 5 and 17) which continues through the base 
of the frond to the centrum, which is a small dense 
portion near the proximal end of the frond (Figs. 5 
and 18). The centrum serves as a center of attach- 
ment for all organs of the plant and its axial char- 
acter seems readily acceptable although this concept 
has not been previously developed. It bears up to 
sixteen simple adventitious roots from its base (Figs. 
5 and 15); it borders on the two reproductive pockets 
and gives rise to all offshoot primordia (Fig. 18) ; 
and it bears the expanded portion of the frond as a 
terminal perfoliate leaf. Up to twelve vaseular 
strands radiate from the centrum (Figs. 5 and 9) 
into the distal part of the frond. The smallest veins 
traverse part of the proximal portion but all of them 
turn anteriorly to end in the distal portion. Vas- 
cular strands also radiate downward into the roots 
(Figs. 18 and 21). The flowers and fruit develop 
within the pockets and are attached to the centrum. 

The two pockets are similar but not identical in 
structure. The proximal part of the leaf forms the 
upper lid or labinm of each pocket, but the pocket 
on the left side extends slightly farther distally than 
the one on the right and it always gives rise to the 
first offshoot. The lower labium of this pocket is 
joined to the centrum and, along its anterior edge, 
to the leaf. Back of the centrum it is fused with 
the stolon almost to the posterior margin of the leaf, 
and continues for the same distance as a thin lateral 
extension along the right side of the stolon overlap- 
ping about one-third of the right pocket. The lower 
labium of the right pocket is similarly attached but 
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it is joined to the stolon just above the left labium 
and has no lateral extension on the opposite side. 
For a short distance back of the centrum the pockets 
are separated by a fusion of the stolon to the dorsal 
labium but behind that the two pockets are continuous. 

It is entirely conceivable and consistent with the 
above deseription that the lower labia are bracts 
which were derived by phylogenetic reduction from 
leaves. If this concept is accepted and added to the 
view that the centrum is axial in nature the interpre- 
tution of the morphology of S. polyrhiza and the 
Lemnaceae in general according to already accepted 
principles of Angiosperm morphology becomes a far 
simpler task than heretofore. Spirodela may then 
be considered as a greatly reduced type of rosette in 
which the has been reduced to three 
highly compacted nodes. This would place the origin 
of all offshoots and flowers at the lower two nodes 
in the axils of the two bracts. The terminal bud is 
absent and the uppermost node bears the single dif- 
ferentiated foliar organ. The arise adventi- 
tiously from the axis. The rosette terminates a slender 
stolon which of a single internode. This 
stolon differs only in anatomical reduction from the 
Pistia stolon, and the entire plant could readily have 
been derived from a Pistia-like ancestor. 

The floral and fruit struetures of Spirodela have 
not been considered in this work. An excellent de- 
seription (with drawings) of that phase of the life- 
evele has been given by Hegelmaier (1871). The 
flowering and fruiting of this species is decidedly a 
rarity. It has been observed by only a few authors. 
Even Hegelmaier, who monographed the family, did 
not see flowers of this species until after his mono- 
graph was completed. W. H. Leggett sent flowering 
and fruiting specimens to him from Staten Island, 
New York, in 1869. During the course of the present 
study the writer has observed Spirodela polyrhiza 
under a very wide variety of environmental condi- 
tions both in nature and in culture, but he has never 
seen it in flower even though it was frequently found 
in association with flowering Lemna minor and on one 
oceasion with flowering L. perpusilla. Saeger (1929) 
gives an excellent summary of records of flowering 
in the Lemnaceae. Hicks (1932) has reviewed the 
environmental conditions under which flowering has 
heen observed and was able to experimentally induce 
of Lemna by treatment 


vertical axis 


roots 


consists 


flowering in several species 


with ultra violet. Spirodela and Wolffia gave no 
reaction under the same conditions. No effeet was 


obtained in tests using photoperiodism, varying light 
intensities, nutrient deficiencies, ete. Dilute sodium 
hydroxide initiated flowering in L. minor and L. tri- 
sulca. The various species of Lemna flower much 
more commonly than do Spirodela and Wolffia, but 
none of the species of Wolffiella are known to flower. 

The roots of S. polyrhiza are similar to those of 
all rooted duckweeds in that they are unbranched, 
non-cutinized, entirely free of root hairs, and possess 
a conspicuous persistent root-cap. The nature of the 
roots of Spirodela is of importance in the experi- 
mental portion of this work in that they are rather 
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sensitive indicators of the vigor or. well-being of the 
plant and of environmental conditions. They become 
deciduous under certain conditions and reduced in 
number and length under other conditions. Spirodela 
polyrhiza produces up to sixteen (but more commonly 
12 or less) roots. They vary in length from a few 
to 25 millimeters. The root tip is pointed. The root 
primordia are completely enclosed in a layer of tissue 
which is pushed out into finger-like sheaths and punc- 
tured by the developing roots. The epidermis is rup- 
tured and replaced by a subepidermal layer during 
the maturation of the root. A cylinder of five to 
eight tubular lacunae separate the inner and outer 
cortex. The vascular core is quite simple with a 
single central spiral vessel surrounded by a layer of 
elongated parenchyma. 

Spirodela is often found stranded on mud flats or 
shores where it is able to thrive as long as the soil 
surface remains moist. I have grown it experimen- 
tally under such conditions for nine months during 
which time it produced turions that later germinated. 
The roots that form on such land-locked plants twist 
about at the surface of the soil unable to penetrate 
directly into it. Even these roots lack root hairs. 
It is undoubtedly this lack that prevents the elon- 
gating roots from gaining sufficient anchorage to en- 
able them to push through the soil. 


ANATOMY 

The leaf of Spirodela is very similar anatomically 
to the floating leaves of more complex aquatic flower- 
ing plants such as Nymphaea. The spongy mesophyll 
makes up the greatest bulk of the leaf and is char- 
acterized by large lacunae separated by thin mem- 
branes one cell thick (Figs. 13 and 14). Viewed 
from above (Fig. 17) these air spaces are chiefly 
hexagonal in outline but viewed from the side they 
are most commonly irregularly rectangular (or ob- 
long) in outline. These large spaces are separated 
from the lower epidermis and from the upper portion 
of the mesophyll by membranes of the same type as 
those which separate adjacent lacunae. The lower 
of these two layers forms a rather distinet subepi- 
dermal tissue. Its cells bear the anthocyanin pig- 
ment that gives the deep red color to the under side 
of the leaf, but they have no inclusions. Two to three 
rows of cells of this tissue which form a band just 
inside the circumference of the leaf have thicker 
walls especially on their lower side than do the other 
cells. This structure undoubtedly adds to the rigidity 
of the leaf. The subepidermal layer also serves to 
support the extremely thin lower epidermis which is 
closely appressed to it. An irregular and interrupted 
layer of lacunae is usually present between the two 
mesophyll layers (Fig. 13). The cells of the two 
mesophyll layers are of approximately the same size 
_and are typical parenchyma in shape, but there are 
fewer inclusions (chloroplasts, starch grains, oxalate 
crystals) in the lower layer, and the cells of this layer 
tend to be more angular in outline as a consequence 
of their association into membranes. 

The cells of the upper mesophyll region are not 
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oriented in a typical palisade pattern. They simply 
form a layer of loosely packed parenchyma that av- 
erages between two and three cells in thickeness. 
These cells characteristically contain large numbers 
of chloroplasts but scattered ones are filled by druse- 
shaped or bundles of raphide-shaped calcium oxalate 
crystals. The cells which are in contact with the 
upper epidermis average somewhat larger than the 
deeper ones. It is this subepidermal layer that con- 
tains most of the erystal-bearing as well as the upper 
pigment-bearing cells. The intercellular spaces be- 
tween this layer and the epidermis are very small 
except for the substomatal cavities (Fig. 14). 

The upper epidermis consists of small cells that 
lack contents and of numerous smaller guard cells 
that contain chloroplast-bearing protoplasts (Fig. 
14). This layer is well ecutinized and the side walls 
of the cells are undulated as in the leaves of most 
terrestrial plants. 

The cells of the lower epidermis are similar in size 
to those of the upper layer but their side walls are 
not undulated so they have a more polygonal outline. 
They also lack contents. The cuticle is replaced by 
a thin mucilaginous layer and the guard eells are 
lacking. The lower epidermis is closely appressed 
to and supported by the subepidermal membrane of 
the lower mesophyll. There are essentially no inter- 
cellular spaces between these layers. 

The vascular strands are simple unbranched veins 
radiating anteriorly from the centrum. They vary 
from eight to twelve in number, but ten is most com- 
mon in vegetative plants. They lie between the two 
mesophyll layers and are surrounded by a_ poorly 
defined parenchyma sheath (Fig. 14). Their orienta- 
tion is “inverted” with the xylem vessels on the bot- 
tom and phloem elements above. The complexity of 
the bundles varies from a single vessel near the ex- 
tremities of the veins to about eight vessels with 
several sieve tubes, companion cells, and elongate 
parenchyma near the base of the central veins. Both 
annular and spiral vessels oceur. The vascular sup- 
ply of the stolon is a single central strand similar 
to the vein just described. The anatomy and vascular 
supply (a single axial vessel) of the root has been 
described in the section on morphology. 

THE TURION 

The turion of Spirodela is simply a modified vege- 
tative plant. It has the same basic structures inelud- 
ing the frond (which is differentiated into a leaf, a 
centrum, and two bracts which enclose the two pock- 
ets), several primordial offshoots, and roots. It dif- 
fers from the typical vegetative plant chiefly in its 
smaller size, broad reniform rather than ovate out- 
line, and lack of differentiation of the mesophyll. A 
comparison of the superficial features may be made 
from Figure 5. 

In shape the dormant turion is flat or slightly eon- 
cave above, shallowly convex below, and reniform in 
outline. The outline varies somewhat with the size, 
the smallest ones tending to be circular, but the aver- 
age ones being about two-thirds as long as broad with 
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a slightly concave posterior margin. During germina- 
tion the turion swells slightly producing a convex 
upper surface, and the posterior lip expands to give 
an almost circular outline. 

The dormant turions vary from one to about three 
mill meters in width but average about two. In con- 
trast, the vegetative fronds attain a maximum size of 
about eight millimeters in length by six in width and 
average about five by four millimeters. The two 
types of fronds are roughly of the same thickness. 
Except for the very smallest ones, the turions are 
shorter than wide. They are usually between 0.25 
and 0.30 millimeters in thickness and swell to between 
0.35 and 0.45 millimeters during germination. The 
actual degree of swelling is largely dependent on the 
vigor of the turion. The large firm ones swell 
proportionately more than the thin ones. Turions 
increase only about 10 pereent in width during germi- 
nation, but with the expansion of the posterior por- 
tion of the leaf the length increases about 40 percent 
and a circular outline is approached. 

The color of the turion varies with the vigor of 
the parent plant, the environmental conditions under 
which it was formed, and storage conditions. Those 
formed at high temperatures from vigorous parents 
in good light are dark dull green above and dull red- 
dish below, those formed in weaker light are dull olive 
above and pale olive below; those that have remained 
dormant for a long time in bright light and high tem- 
peratures become quite yellowish. All are lusterless 
while dormant but become glossy during germination, 
and all become bright green above during germina- 
tion unless etiolated. 

The lower labium of the larger pocket on the left 
side of the turion is proportionately quite large. It 
has a conspicuous recurved fold or pocket sheath 
(Fig. 6) that closes the pockets and covers the poste- 
rior part of the upper surface of the leaf. This is 
turned back and straightened out (Fig. 11) by the 
enlargement of the dorsal labium and the growth of 
the first: offshoot during germination. Basically the 
two ventral labia have the same structure and are 
joined to the centrum, leaf, and stolon in precisely 
the same manner as those of the typical vegetative 
shoot. 

The stolons which bear turions (Fig. 15) are con- 
siderably shorter than those which bear vegetative 
offshoots. Furthermore, the abscission layer at the 
base of the turion is well differentiated. Consequently 
they have usually separated from the parent plant 
by the time they are pushed free of the labia, by 
the elongation of the stolon. They are then non- 
buoyant and sink as soon as they break through the 
surface film. In contrast the vegetative plants remain 
associated in colonies for some time because of a poor 
abscission mechanism. 

The dormant turion has no functional roots but 
possesses up to six root primordia (Fig. 8) embedded 
in the tissue between the centrum and the root shield. 
Any number of these may push through the shield 
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and elongate during germination. These roots aver- 
age somewhat shorter than the roots of the vegetative 
plants but they have exactly the same structure. 

The epidermal layers of the turion are identical 
with those of the vegetative shoot but the stomata 
appear to remain closed until after germination. The 
mesophyll, on the other hand, appears to be markedly 
different. This is due primarily to the absence of 
large lacunae and reduction in differentiation, but the 
basic features are still identifiable. The bulk of this 
tissue is composed of large almost spherical paren- 
chyma cells that are filled with starch grains and 
compactly arranged with small intercellular spaces. 
The cells of the upper portion are smaller and 
slightly more closely packed. They also contain more 
chloroplasts, and erystals are more common. The 
subepidermal layers are still recognizable although 
they are less distinct. The lower layer is still com- 
posed of pigment cells but its function of support 
for the epidermis is no longer of importance as a 
result of the loss of large lacunae. The upper layer 
still contains frequent crystals and some pigment cells. 
A few small lacunae, about the size of the cells, still 
remain in the centrum region. During germination 
the cells swell and take on a more rounded outline 
which increases the size of the intercellular spaces and 
produces a more buoyant structure. No new cells 
or lacunae are formed in the mesophyll. 

The vascular strands of the turion have the same 
structure as in the vegetative frond but there are 
fewer of them. Most commonly six are present but 
one or two less or one or possibly two more may oceur. 

Several primordial offshoots are present in the 
pockets of the dormant turion. The largest and the 
first to develop during germination is in the left 
pocket. It is about 0.4 millimeter, or somewhat less, 
in length and is sufficiently well developed to con- 
tain offshoot primordia of the next generation in its 
pockets, but these are still undifferentiated. A very 
small primordium is usually present beside the large 
one in the left pocket but the turion is often ex- 
hausted and dies before this develops. The right 
pocket contains the second offshoot primordium and 
oceasionally a very small fourth primordium which 
rarely if ever proliferates. Turions always give rise 
to vegetative shoots, never to turions directly, and 
there are no records of turions flowering. These facts 
are of special interest in light of the fact that even 
the largest offshoot primordium in a turion is indis- 
tinguishable from a turion primordium of the same 
size. However, as soon as germination oceurs the 
vegetative offshoot primordium begins to evolve la- 
cunae, even though it is still less than one millimeter 
in length. When a vegetative shoot nears maturity 
its pockets have the same complement of offshoot 
primordia as those of the dormant turion. The larg- 
est and the third are on the left; the second and the 
All four of these normally 
are later 


smallest are on the right. 
develop and a fifth and sometimes sixth 
formed and differentiated. This represents the max- 
imum direct proliferation of a single vegetative plant. 
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TURION FORMATION 


Spirodela polyrhiza (.) Schleiden is unique among 
the twenty-five known species of duckweeds in that, 
at least in the northern portion of its range, it is 
completely dependent on turions for overwintering. 
Turions have also been noted in Lemna gibba L. 
(Guppy 1895), but it was found that both the gib- 
bous (swollen on one side) and non-gibbous vegeta- 
tive plants of that species could live over winter as 
well as the turions. Turions have not previously been 
reported from any other member of the Lemnaceae, 
but during the present work they were discovered in 
Lemna minor L. It is therefore possible that they 
also occur in other closely related species such as L. 
perpusilla, but in both of these species the vegetative 
plants regularly live through the winter. Conse- 
quently, since the turion has assumed such a uniquely 
important role in the life-history of Spirodela the 
conditions associated with its production are of par- 
ticular interest. 

The environmental conditions under which turion 
formation has been observed in nature have been 
deseribed and discussed by several authors but pre- 
vious to the present work no comprehensive experi- 
mental studies on this subject have been reported. 
Horen (1870) pointed out that turions develop late, 
or not at all, in shade but that they appear early in 
full sunlight, especially in stagnant water. These ob- 
servations were corroborated by Guppy (1895) who 
reported further that turion formation is associated 
with high temperatures. He describes abundant 
turion formation which occurred in early July in 
southeast England immediately following a period of 
a week during which the water temperature rose to 
27° C. or above each day. It has often been noted 
that turion formation is not associated with low tem- 
peratures or unfavorable growth conditions in Spiro- 
dela, as appears to be the case with several other 
aquaties including Utricularia spp. and Potamogeton 
spp. Arber (1920) states that it is difficult to under- 
stand why conditions so favorable for vegetative 
growth should induce turion production in Spirodela 


when in other aquaties it is associated with “poor 
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tively large size may account for it, and that “to 
synthesize enough starch to fill the winter bud may 
be a considerable tax on the parent frond, and may 
only be possible under conditions peculiarly favor- 
able for photosynthesis.” From this speculation it 
is obvious that little precise data were available for 
the solution of this problem. 

It is interesting to note that although Spirodela 
has been used in numerous controlled experiments in- 
volving a wide variety of media and other environ- 
mental conditions, turion formation has seldom been 
recorded in reports on these works. Tests on the 
nutrient requirements of Spirodela and on its growth 
relationships to various other factors have been made 
by Clark (1925, 1926, 1930, 1932, 1933), Clark and 
Frahm (1940), Deuber (1926), Fly (1935), Gorham 


(1945), Hicks (1932a), McHargue and Colfue 
(1932), Olsen (1930), Saeger (1925, 1930, 1933, 


1937), and undoubtedly others. Clark (1932), Gor- 
ham (1945), and Saeger (1930) have employed sterile 
culture methods and have shown that good growth 
can be maintained in pure inorganic media. Gorham 
found that additions of carbon dioxide 
gave significantly increased growth rates, but he ob- 
served no turion formation in these or other tests 
(confirmed by correspondence). He employed con- 
tinuous light of 100 and 300 foot-candle intensities 
at 25° C. Saeger (1930) refers to the use of turions 
that were obtained from culture plants in starting 
sterile cultures, but he does not deseribe the condi- 
tions under which they were formed. 

In nature in Minnesota turion formation begins 
early in July and continues until the vegetative 
plants are killed by low temperatures in late fall. 
At first only a small proportion of the offshoots de- 
velop into turions but later most of the plants are 
producing only turions. As pointed out in the see- 
tion on morphology up to six offshoots may arise 
from a single plant. Any number of these may de- 
velop into turions. The destiny of an offshoot pri- 
mordium is determined by the time it is 0.4 mm. in 
length, after which it cannot be reversed. The two 
types of primordia are morphologically indistinguish- 
able before that stage but the evidence presented be- 
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Fig. 5. Photograph of a group of Spirodela polyrhiza plants (including three turions) illustrating essentially 
optimum development. The lowest colony has been inverted. Note roots, stolons, and centra. X1.9. 

Fic. 6. Photograph of a dormant turion from above. Note the protective sheath over the pockets, reniform 
shape, and flat surface. X11. 

Fig. 7. Photograph of a dormant turion from below. Note position of root primordia, and convex surface. 
X11. 

Fig. 8. Photomicrograph of the basal half of a longitudinal section through a dormant turion. Note upper 


and lower labia which form the pocket on the right side of the turion and enclose the smaller of two major pri- 


mordial shoots present in each turion. Note also the pocket sheath, root primordia, and root shield. 


Photomicrograph of a tangential section through a dormant turion. 
A very small third primordium is present with the first primordium in the larger 


Fig. 9. 
a primordial vegetative shoot. 
pocket. 
Fig. 10. 
outline and convex surface of turion. 
Fie. 11. 
that has been turned back by the developing offshoot. 
Fig. 12. 
been punctured by the elongating root. X27. 


X11. 


Note also the vascular traces and compact cell arrangement. 
Photograph of a germinated turion with a partly developed offshoot, from above. 


X72. 
Note two pockets each containing 


X40. 
Note nearly cireular 


Photograph of a germinated turion from below. Note root with pointed root cap, and the pocket sheath 
mid. 


Photomicrograph of a longitudinal section through a germinated turion, Note that the root shield has 
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low indicates that their destinies are determined even 
earlier. When plants of uniform size and uniform off- 
shoot complement are selected from a culture in which 
only turions are being produced, and transferred to 
conditions which induce the formation of vegetative 
plants, all primordia larger than .2 mm. in length 
develop into turions whereas the ones which were 
smaller than this, or had not been formed at the 
time of transfer, become vegetative plants (Fig. 22). 
This size relationship was ascertained by microscopic 
analysis of the primordia complement of several 
plants of the same type as those_tested. There was 
no variation among these plants in the number of 
primordia present, and only slight difference in size 
among the corresponding primordia of the plants 
selected. It was therefore possible to refer each of 
the first several offshoots produced by the test plants 
back to a primordium that was a definite size at the 
time it was first exposed to the new conditions. Fig- 
ure 22 summarizes these observations. The upper 
large circle represents the test plant at the time of 
transfer with its primordia indicated by smaller cir- 
cles. The smaller primordia shown in solid black 
and those which are formed after the transfer be- 
come vegetative shoots. Only the two largest pri- 
mordia become turions. All offshoots arising directly 
from turions are vegetative. 

Turions are never produced directly from other 
turions. At least several successive generations of 
vegetative plants are produced before another turion 
is formed. The smallest number of intermediate 
vegetative generations observed was two. These be- 
gan with the younger of two offshoots from a turion. 
Beginning with the older offshoot no turions have 
been noted to occur before the fifth successive genera- 
tion. The details of this behavior are summarized in 
Figure 23. The large circles in this figure represent 
vegetative offshoots, the small circles represent pri- 
mordia. In most cases only the destiny of the first 
primordium to mature is indicated. The relative size 
of the primordia indicates the order of maturation. 
The third primordium in the turion does not always 
develop but when it does it behaves like the second. 
It is therefore apparent that turion formation is 
related to the ontogeny of the parent plant as well 
as to the environment. On the other hand, vegetative 
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plants may be propagated indefinitely without turion 
formation. 

Hegelmaier (1868) raised the question as to whether 
Spirodela produces turions in warm climates. He 
suggested that it may not since material collected in 
November, 1867, in Louisiana was still growing vig- 
orously without turions. This view is not borne out 
by the fact that material which the writer received 
from southern Florida (collected by Dr. Cooper) in 
February, 1946, consisted chiefly of plants that were 
still attached to the turions from which they arose. 
Information on this subject is still searee from trop- 
ical regions, but MeCann (1942) reports that Spiro- 
dela produces turions in the vicinity of Bombay, 
India (19° N. lat.). 


TEMPERATURE 

It has already been pointed out that in nature 
turion formation is generally associated with high 
temperatures but from the data to be presented be- 
low it will be apparent that this is largely coincidence 
and that the influences of this factor on turion forma- 
tion are indirect. Turions were produced in cultures at 
temperatures as low as 10° C. (Table 1). Growth 
was extremely slow at this temperature and the plants 
developed an abnormal olive color. The minimum 
temperature at which the vegetative plants can per- 
sist is only slightly below this. At 7° C. growth is 
reduced essentially to zero and the plants deteriorate. 
They die in three weeks or less at this temperature. 

The maximum constant temperature at which turi- 
ons were produced is 30° C., but they have also been 
obtained in cultures that were maintained at 35° dur- 
ing the light period and 15° during the dark period 
(Table 2). It is very likely that turions can be pro- 
duced at constant temperatures well above 30° if 
other factors are favorable, but under the conditions 
of the experiments reported here the vigor of the 
plants fell off at temperatures of 35° and above. 
Culture plants grown in daylight continued to pro- 
duce turions even though the temperature rose to 
as high as 44° C. during the day. 

PHOTOPERIODISM 
No true photoperiodic effect on turion formation 


was noted. Turions were formed at 8, 10, 16, and 
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Fig. 13. 
Fig. 14. 


Fig. 15. 


the short stolon which supports the nearly mature turion. 
of the turion and transects the larger of the offshoot primordia. 


to the pocket sheath, root shield and stolon. X40. 

Fig. 16. 
the smaller offshoot. 
pockets are continuous. 
wall of the previous section. 


Fig. 17. 


X40. 


Photomicrograph of a transverse section of a vegetative shoot of Spirodela. 
Photomicrograph of a portion of the section shown in Fig. 13. 
epidermis, chloroplasts, large lacunae, and well developed vascular bundle. 
Photomicrograph of a transverse section through a turion-bearing pocket of a Spirodela plant. 


X30. 

Note stomatal apparatus in the upper 
X420. 
Note 
This section passes through the pocket on the left side 
Note the lower wall of this pocket is contiguous 


Same as Fig. 15 except that the section passes through the right pocket of the turion and transects 
The lower labium of this pocket is a separate structure whereas the upper labia of the two 
The lower portion of the pocket sheath of this section is continuous with the lower pocket 


Photomicrograph of a tangential section through an articulated colony of turion-producing plants. 


Note portions of three vegetative plants and connecting stolons, five turions of various ages, and vascular , traces. 
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Fig. 18. 


Photomicrograph of a transverse section through the centrum region of a plant with a very young 


offshoot in its older pocket. Note vascular strands radiating from centrum, X30. 
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PLAIE III 








EXPLANATION OF PLATE ITI 


Figs. 19-21. Photomicrographs of serial sections of 
the same offshoot shown in Fig. 18. This offshoot is 
6 mm, in length and is about to begin differentiation 
into either a turion or a vegetative shoot. 

Fic. 19. Section through region of smaller offshoot 
primordium which may be observed as a small basal 
bulge between two larger ones just inside the pocket 


sheath. The larger bulges are the primordial labia. The 
root primordia have just begun to appear. X125. 
Fig. 20. Section through stolon regions. X125. 


Fig. 21. Section through region of larger offshoot 
primordium which may be seen as a dense body just 
inside the basal pocket. The root shield and pocket 
sheath overlap so as to completely enclose the young 
offshoot at this stage. Note the structure of the cen- 
trum. X88. 


20-hour photoperiods. The only period used which 
did not vield turions was continuous illumination and 
th’s was used under rather unfavorable combinations 


of temperature (25° and 35°) and Il ght intensity 
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Vegetative Shoots 


Fie. 22. Behavior of a turion-producing plant after 
transfer to non-turion-inducing conditions. 


(200 foot candles). While turion formation occurred 
most consistently at the longer photoperiods it is ob- 
vious that this is correlated with total light energy as 
shown below rather than photoperiodism. 


LIGHT: INTENSITY AND DURATION 


Light is one of the most important environmental 
factors associated with turion formation, but like 
most other factors it probably has no simple, direct 
limiting effect. Its influence is complex. It is usually 
best expressed in terms of total light energy (the 
mathematical product of intensity and duration), but 
these two phases may have independent effects as 
well. As has already been pointed out, turion forma- 
tion is generally associated with high light intensity 
in nature. From the tests reported here it was found 
that, as with the temperature factor, a high light 
value is not an absolute requirement for turion pro- 

These bodies were formed at intensities as 
50 foot-eandles (Table 1) even with photo- 
periods as short as ten hours. Turion formation at 
such a low total light energy value occurred only at 
10° C., the lowest temperature used. At that tem- 
perature turions were also formed at all higher inten- 
sities and longer periods tried (up to 800 foot-candles 
for 20 hours). At temperatures above 10° larger 
amounts of light are required. The minimum effective 
At 15° 


duetion. 
low as 


amount varies directly with the temperature. 








October, 1947 





vegetative generations between 


Minimum 
turion generations. 


Fig. 23. 


the minimum effective light energy observed was 100 
foot-candles for 20 hours per day. It is interesting 
to note that at 200 foot-candles for 10 hours, a com- 
bination which gives the same amount of light per 
day, no turions were formed. This fact indicates 
that the time-distribution of light is of some impor- 
tance as well as the amount. At 20° the same mini- 
mum combination (100 foot-candles for 20 hours) 
was effective as at 15°. At the lower temperature, 
however, turions were formed at 10 hours of 800 foot- 
candle illumination while at 20° as well as at all 
higher temperatures none occurred at this photo- 
period. The minimum effective amount of light at 
25° was 800 foot-candles for 20 hours per day. With 
intensities of 800 foot-candles or less no turions were 
produced at temperatures above 25°. Since it ap- 
peared that light intensity was the limiting factor the 
value of that factor was increased to 1600 foot-candles 
by replacing the 150 watt Reflecto-flood lamps with 
300 watt lamps of the same type. Test cultures 
were exposed to this intensity for 8 and 16 hours per 
day at 25°, 30°, and 35° C. Turions were formed 
at both photoperiods at 25°, and at the 16-hour 
period at 30°, but none were formed at the 8-hour 
period at 30° or at either period at 35° (Table 1). 
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These data clearly bear out the direct relationship 
between temperature and amount of light in turion 
formation. At the minimum levels an inerease in 
light energy is required for each increase of temper- 
ature in order to induce turion production. In an- 
alyzing the physiological aspects of this relationship 
it was assumed that a temperature increase at a con- 
stant light intensity would result in a greater increase 
in the respiration rate of a plant than in its photo- 
synthetic rate. On the other hand, an increase in 
light intensity with no change in temperature should 
give a corresponding increase in photosynthetic rate 
without appreciable change in the rate of respiration. 
Since these are two of the most important physiolog- 
ical processes associated with the factors light and 
temperature it was assumed that they must be con- 
cerned with turion formation. If this is true, one of 
the prime direct prerequisites for turion formation 
must be a balance between photosynthesis and respira- 
tion that will insure an excess of photosynthate. This 
supposition is supported by the fact that a consider- 
able excess of photosynthesis over respiration must 
exist in order to furnish the large starch reservoir 
and dense structure of the turion. This hypothesis 
was further tested with several experiments designed 
to affect the balance between these two processes. 

Errects or Coutp Dark PERiop 

In the foregoing experiments it was noted that in 
some instances, although two sets of cultures received 
the same amount of light per day, only those at the 
photoperiod and lower intensity produced 
turions. This was explained by the supposition that 
turion production was prevented at the shorter photo- 
period through the exhaustion of the photosynthate 
by respiration during each dark period. Therefore if 
the respiration rate during the dark period were re- 
dueed sufficiently turion production should insue. In 
order to test this hypothesis cultures were grown at 
25° and 35° C. with 100 and 800 foot-candles of 
light for 10 and 16 hours and transferred to a cool 
chamber at 15° for each dark period. Sets of con- 
trol cultures were maintained constantly under each 
combination of these conditions. No turions occurred 
in any of the controls but all of the test cultures ex- 
cept those at 100 foot-candles for 10 hours produced 
turions (Table 2). 


longer 


SUPPLEMENTAL CARBON DIOXIDE 


It appeared that turion formation might be induced 
under unfavorable light-temperature relations if the 
photosynthetie rate could be increased sufficiently to 
produce enough carbohydrate so that some would re- 
main at the end of the dark period. Assuming that 
2a low carbon dioxide supply is a limiting factor at 
relatively high light intensities and temperatures, eul- 
tures were placed under these conditions with an 
The 
physical set-up employed is described in the section 
dealing with methods. Cultures were grown at 20° 
and 30° C. with 800 foot-candles of light for 10 and 
20 hour periods. At each combination duplicate eul- 
turcs were maintained with carbon dioxide-fortified- 


atmosphere containing 5 percent exrbon dioxide. 
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air bubbled through the medium, with the fortified 
air blown through the atmosphere of the culture, and 
with only normal atmosphere (controls). The plants 
were most vigorous in appearance and propagated 
most rapidly in the culture through which the carbon 
dioxide was bubbled, but turions occurred only at 
the 10-hour period and 20° temperature in this set, 
and only at the 20-hour period and 20° temperature 
among the controls. None were formed in the en- 
riched atmosphere cultures (Table 3). 

From the results it was obvious that the additional 
carbon dioxide had brought about an increased photo- 
synthetic rate but this had, in turn, greatly stimulated 
the rate of growth and, undoubtedly, respiration so 
that the additional photosynthate was going into these 
processes rather than into starch storage and turion 
formation. It therefore appeared that some factor 
which would check growth or respiration or prefer- 
ably both would result in a carbohydrate reserve that 
might induce turion formation. 

NITROGEN DEFICIENCY 

It is generally recognized that a nitrogen-deficient 
nutrient supply has a retarding effect on vegetative 
growth in plants and, consequently, that under such 
conditions starch reserves accumulate and flowering 
may be induced. In order to test the relationship of 
this factor to turion formation Spirodela plants were 
grown in several modifications of the basic culture 
medium (Hoagland’s) that, had been employed for 
all previous tests. A formula was found which gave 
sustained growth of a quite normal character but con- 
tained only 0.0013 moles of the nitrate ion per liter 
of solution whereas the normal medium contained 
0.0125 moles. The new medium was derived from the 
basic medium by substituting KCl for KNOs in equal 
molarity and the reduction of Ca(NO:):°4H:O and 
KH:PO: by one-half. Spirodela was grown in this 
medium at 800 foot-ecandles of light for 10- and 20- 
hour periods at 20° and 30°. One series was exposed 
to normal atmosphere and another series received 5 
percent carbon dioxide bubbled through the medium. 
A third series (controls) was grown in the basic 
medium exposed to the air. All cultures receiving 
additional carbon dioxide produced turions. In the 
controls and in the low nitrate cultures exposed to 
the air, only the cultures at 20° and at the 20-hour 
period produced turions (Table 4). 

These results clearly indicate a direct relationship 
between nitrogen deficiency and turion formation at 
high photosynthetic levels. White and Templeman 
(1937) have studied the interaction of nitrogen and 
light intensity in relation to respiration in Lemna 
minor. They found that respiration is retarded by a 
low nitrogen supply and attributed this to a low level 
of enzyme activity associated with low protein con- 
tent. They found no direct relationship between 
nitrogen supply and photosynthesis. These con- 
clusions harmonize with my data presented above. 

While no further controlled tests have been made 
on this phase of the problem it is probable that 
turion production may be induced by other factors 
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which affect the carbohydrate-protein and sugar- 
starch balances or the relative rates of respiration and 
photosynthesis. White (1936) has shown that in 
Lemna minor potassium starvation results in reduced 
assim lation but high stareh content which he explains 
on the basis of reduced amylolytic enzyme activity. 
This and other factors are worthy of further tests. 
DISCUSSION 

From the foregoing experimental data it may be 
concluded that turion formation is apparently induced 
by a combination of environmental conditions that 
will limit the rates of growth and respiration to lev- 
els that are well below those that the photosynthetic 
rate is able to sustain. The factors which were shown 
to exert such an influence are low temperature and 
nitrogen-deficiency. The above conclusion may be re- 
stated to emphasize the role of photosynthesis. Turion 
formation is induced by combinations of environ- 
mental conditions which maintain the photosynthetic 
rate at a level that is well above that which is re- 
quired to sustain growth and respiration. High total 
light energy and ample carbon dioxide supply are two 
factors which may exert this influence. According to 
the first statement the control is a negative one; ac- 
cording to the second it is positive. The two phenom- 
ena have been separated for convenience but actually 
both may operate at the same time and both may be 
essential. Other factors than those mentioned may 
also be effective but no others have been investigated 
in detail. 

If the above conclusions are compared with the 
field data several heretofore puzzling observations 
may be logically explained. In nature turion forma- 
tion commonly begins at the height of the growing 
season immediately following the period of most vig- 
orous vegetative growth. At that time photosynthesis 
should be proceeding at approximately peak levels 
since sunlight intensity and duration have reached 
their highest values, temperatures are near optimum, 
and earbon dioxide supply is relatively good as a con- 
sequence of organic decomposition in the pond. Under 
these conditions it is very likely that the rate of 
photosynthate formation is well above the maximum 
rate of photosynthate utilization, and turion forma- 
tion would be expected to ensue without further 
action by growth- (or respiration-) limiting factors. 
In the shade, however, turion formation begins much 
later in the season and at least two limiting factors 
may come into play. Lower late summer temperatures, 
especially during the dark period, would tend to in- 
duce turion formation through reduction of the growth 
and respiration rates. The same effect might be in- 
duced by increased competition for a limited nutrient 
supply. It is probable that in many shaded waters the 
coneentration of nitrates or other ions are inadequate 
to maintain maximum growth and respiration rates 
when the duckweed populations become dense. 

Spirodela is absent from many shaded waters that 
contain other duckweeds. Even when it is accidentally 
introduced (by flooding, by animal carriers, or other 
means) into such waters it may grow well for a sea- 
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son or two and then disappear. In the instances of 
this sort that have been noted no turion formation 
was observed. The inability of Spirodela to persist 
in certain habitats may therefore be due to its inabil- 
ity to produce turions under the prevailing conditions 
rather than its inability to maintain vegetative activ- 
ity. Unlike Lemna minor and L. trisulea, which more 
commonly occur in shaded habitats, the vegetative 
plants of Spirodela are unable to live through the 
winter in Minnesota. 
LEGEND TO Tasl.as 1 To 4 

All data presented in these tables were obtained 
from cultures grown in the apparatus (Fig. 1) pre- 
viously described. The “low nitrate” medium is de- 
scribed under “Nitrogen Deficiency” ; all other cultures 
were grown in the modification of Hoagland’s solution 
described under “Methods.” Tests were made in 
duplicate with five plants per culture. Turion pro- 
duction usually began at the same time in duplicate 
cultures. When this was not the case the earliest 
date has been recorded. The greatest difference was 
five days at 10° with 100 foot-candles for 20 hours 
(Table 1). 

Turions were produced only in cultures represented 
in the tables by blocks containing numbers. The fig- 
ures on the left indicate the minimum number of days 
prior to the appearance of turions. The figures on 
the right indicate the average number of vegetative 
offshoots directly or indirectly produced, prior to 
turion formation, per member of the original plant- 
ing. The descriptive word in each block indicates the 
typical appearance of the plants in the culture. 

TYPES OF GROWTH OBSERVED IN CULTURES 

a. Vigorous: Size large (4 mm. or more), form sub- 
circular, thick, flat or slightly convex above, glossy, 
bright green; roots firm, straight, numerous (up 
to 18), 1 em. or more in length; usually with an- 
thocyanin below and at centrum. 

b. Medium: Like (a.) but smaller (mostly 3-4 mm.) 
and fewer shorter roots. 

e. Olive: Color olive or yellowish green, no anthocy- 

anin; otherwise like (a.) or (b.). 

d. Small: Size small (less than 3 mm.) ; roots stubby 

and few; anthocyanin slight; otherwise like (a.). 
e. Thin-dull: Size large, form oblongate, thin bright 

green, not glossy; roots flaccid, deciduous; no 

anthoeyanin. 
f. Clear: Very thin and transparent, concave; roots 
few, soft, and short, no anthocyanin. 


GROWTH RATES 


Growth-rate data were recorded for all cultures 
used in the turion formation tests. These data were 
collected chiefly to investigate any possible relation- 
ships between turion formation and growth behavior. 
No consistent direct relationships between these two 
phases were noted, but since the growth data are of 
interest in themselves and since, together with data 
already presented, they aid in explaining the absence 
of turions from certain cultures, these data have been 
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TABLE 1. Turion formation in relation to temperature, 
photoperiod, and light intensity. 





10 HRS. 20 HRS. 8 16 
PHOTOPERIOD PHOTOPERIOD HRS. | HRS. 
FOOT- ; SF <a 
CANDLES 
































50 200 800 50 100 800 1600 1600 
T.= °C. |28 2.128 1.8/28 1.8/26 26/23 1.926 2.9 
10° 
Small | Olive | Olive | Small | Small | Olive 
19 8.2 14 4215 53 
15° 
Small , Small | Vigor. | Small | Vigor. | Vigor. 
21 8314 8.6 
20° Medi- 
Small um Vigor. Small | Vigor. | Vigor. 
12 8.915 10.18 6.1 
25° . . re 
Small Small | Vigor. | Small | Vigor. ] Vigor. | Vigor. | Vigor. 
160 9.6 
30° Medi- | Medi- | Medi- . 
Small | Small | Small | Small um um um Vigor. 
35° Medi- 
Thin , Thin | Thin | Clear | Clear | Clear | Thin um 
40° } 
Thin Clear 


Cultures at 10°, 20,° 25°, and 35° (except those at 1600 foot-candles) were 
grown for 35 days. Cultures at 15°, 30°, and 40° (except at 1600 foot-candles) 
were grown for 28 days. Cultures at 1600 foot-candles were grown for 21 days. 


TABLE 2. Turion formation in relation to exposure to 
cool dark periods and warm light periods. 


| 





10 Hrs. or Licut 16 Hrs. or Licut 


Foot- - ——— ~—-——-- 
CANDLES 100 800 100 8CO 
2 560|}HM 4610 OS 
25° -15 
Medium | Medium | Medium | Vigorous 
13. 3.6.1 19 12:3) 15 2 
35° - 15 
Small Small Medium Medium 
25° C; 
Small Medium Medium Medium 
Control ——.- 
35° ©. 
Small Thin-dull Medium Clear 


Cultures were grown for 21 days. 


summarized in the accompanying graphs. Growth 
was recorded in terms of increase in number of plants, 
total dry weight, and total wet weight. Wet weight 
data produced the most complex and least meaning- 
ful curves so these were discontinued and have been 
omitted from this report. Numerical increase was 
ascertained by counting the number of plants per 
culture at weekly intervals. These data could furnish 
the bases for graph lines for each of the 68 different 
combinations of conditions under which cultures were 
maintained. A few of these curves selected for 
variety of slopes are shown in Figure 24. Since the 
large number would make graphic comparisons very 
difficult, and since the shapes of the curves were rel- 
atively uniform and typical for exponential growth 
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TABLE 3. Turion formation in relation to carbon diox- 1500 / 
ide supply. I (Temperature :Foot-candlea X Hours) Se 
1200 if 
20° C. 20° C. eT 
800 Foor- -— —)- —);— 
CANDLES 10 Hrs. 20 Hrs. 10 Hrs. 20 Hrs. 700+ 
5% COs. in 
the 500 
atmosphere) Medium Medium | Medium _|_ Vigorous 
9 13.1 
5% CO, 300 
bubbled Vigorous Vigorous | Vigorous | Vigorous 
IS) 13.5 i: B00 
Controls 5 
Medium | Vigorous | Small Medium Ss 
- 5 
Test cultures were grown for minimums of 15 days. Tests at 20° were con- e 
current and followed those at 30° in which 10-hour tests preceded 20-hour tests. a 
Controls were maintained for 28 days. w 00F 
2 
TABLE 4. Turion formation in relation to nitrogen @ 
deficiency. tas 
°o 
: = $or- 
20° C. 30° C. y 
800 Foort- riences 2 
CANDLES 10 Hrs. 20 Hrs. 10 Hrs. 20 Hrs. 
2 8:0 s 
Low nitrate 
Small Medium | Small Medium 20r 
Low nitrate | 11 8.4) 13 14.2 | 15 18/8 10.2 
and 5% 
CO, bubbled) Medium | Vigorous | Medium | Vigorous ‘ 
ba a 7 - anaes a en —— 16 7 ” 
17 14.1 
Controls 
Vigorous | Vigorous Small Medium 
Cultures were grown for minimums of 18 days. Tests at 30° followed those 6 ' a f fl j 
at 20°. fe} 7 14 21 28 35 


curves (many of which have already been recorded 
for Spirodela) only the relative levels of the curves 
have been plotted on the following graphs. An arbi- 
trary growth period of 14 days was allowed for each 
culture to attain a state of expression typical for the 
conditions under which it was maintained. The valid- 
ity of this method may be ascertained from Fig. 24. 
The average number of plants per culture at the end 
of this period was plotted on a logarithmic scale 
(Figs. 25 and 27) which allows direct comparison 
between the relative levels of growth attained under 
the various combinations of experimental conditions. 
Dry weight values were obtained by multiplying the 
number of plants in the 14-day-old culture by the av- 
erage dry weight per plant in that culture. The latter 
figure was obtained by making dry weight determina- 
tions of a portion of the culture at 14 days or of the 
entire culture at the end of the experiment as ex- 
plained in the section on “Methods.” Total dry 
weights in milligrams per culture have been plotted 
on a logarithmie seale (Figs. 26 and 28) in the same 
manner and with the same symbols used on the 
numerical graphs. 

With few exceptions optimum growth in terms of 


numerical inerease was obtained at 25° C. Above 


DAYS 
Fig. 24. Sample curves showing typical exponential 
growth selected for variety of slopes. 


this temperature the rate falls off steadily. The low- 
est rates were at 10°, but with low light intensities 
these minimums were approached at 35°. Total dry 
weight curves follow much the same pattern but the 
greater dry weight of individual plants at the lower 
temperatures raised the curves at that end, and con- 
versely they were lowered at the high temperature 
end. The greatest average dry weights per plant 
were attained at the highest light intensities and long- 
est photoperiods at 10°, 15°, and 20° C. Above this 
the values dropped off steadily reaching a minimum 
of .07 milligrams per plant at 35° with 50 foot-candles 
for 20 hours per day. Maximums between .4 and .5 
milligrams per plant were attained at 10°, 15°, and 
20° with 800 foot-candles for 20 hours and at 10° 
with 800 foot-candles for 10 hours. 

The areal dimensions of individual plants consid- 
ered independently are poor indicators of dry weight. 
Plants at 35° and 800 foot-candles for 10 hours were 
of large size but they were very thin, had deciduous 
roots, and had little stored starch so their average dry 


weight was low. At this temperature but with a 
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NUMBER OF PLANTS PER CULTURE AT 14 DAYS 
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Fig. 25. 
growth in Spirodela. 


Interrelationship of temperature, photoperiod, and light intensity in the determination of 


a5° 40° 


numerical 


25° 30° 


Plotted values are averages of duplicates started with 5 plants per culture. 


20-hour photoperiod reproduction was more rapid but 
the respiration-photosynthesis balance was undoubt- 
edly unfavorable since the plants were small with 
little or no stored starch and they developed a very 
thin transparent structure. This condition was cor- 
rected by supplying 5 percent carbon dioxide in air. 
At 10° the plants were large, thick, contained much 
starch, and had an abnormal olive color. The color 
may be due to a higher than normal ratio of carot- 
inoids to chlorophylls. 

In the cultures which were transferred to a lower 
temperature during the dark period the rates of re- 
production, the dry weights and the appearance of 
the plants were improved. In the nitrate-deficient 
cultures the plants were smaller and more yellowish 
green than the controls and the growth rates were 
reduced both numerically and in dry weight. The 
addition of 5 percent carbon dioxide bubbled through 
the nitrate-deficient medium gave an increase in re- 
productive rate, size, and dry weight above the con- 
trols but the color was still lighter green. When 5 
pereent carbon dioxide was bubbled through the 


standard medium maximum growth rates were ob- 
tained and the resulting plants were uniformly large 
and vigorous (dark green, thick, glossy, and good 
roots) in appearance. When the carbon dioxide- 
fortified air was merely passed through the atmos- 
phere of the culture flask the growth rates were 
significantly increased above those of the controls but 
were still well below those of the bubbled cultures 
(Figs. 27 and 28). 


TURION GERMINATION 


Since vegetative shoots of S. polyrhiza do not over- 
winter in Minnesota, and since seed production is very 
rare, the details of the germination behavior of the 
turions of this species are of special interest. In 
spite of the fact that turion production begins in mid- 
summer (July 2 is the average of the three years 
1943-45 inclusive, at Minneapolis), relatively few 
turions germinate in natural ponds during the same 
season in which they are produced, and these do so 
only during extreme temperature fluctuations in the 
fall. Even in eulture all attempts to induce germina- 
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1600 X 16 


800 X 20 








1600 X 8 
4 80C X 10 
3 
100 X 20 
50 X 20 
Ls 200 X 10 
50 X 10 
P 1.5! | | | | | J 
Cc. 10 15° 20° 25° 30° 35° 40° 
Fic. 26. Interrelationship of temperature, photoperiod, and light intensity in the determination of dry weight 


increase in Spirodela. 


Initial plantings of 5 plants per culture average 1.5 milligrams in dry weight. 


tion immediately after maturation have failed. Vari- 
ous combinations of light intensity from zero to full 
sunlight, photoperiods of eight hours to continuous 
light, and constant temperatures of 10° to 35° C. 
were all ineffective. Apparently certain chemical 
changes must occur within the mature turion before 
the metabolic processes can proceed at a rate which 
is sufficient to allow germination. The exact nature 
of these changes is not known but some information 
concerning their environmental induction has been 
gained in the preesnt study. 
DoRMAaNCY AND AFTER-RIPENING BEHAVIOR 

If fresh turions are kept under water at the same 
constant temperature as that at which they were 
formed, or at a lower one, they remain dormant but 
viable for months. The following table summarizes 
the longest continuous observations at each temper- 
ature. The turions tested were fresh and had been 
formed at 25° C., and all tests were made in dupli- 
cate using ten turions for each except those at 25° 
and 30° C. in which a total of 100 turions was used 
at each temperature. 


TABLE 5. Dormancy of turions formed at a high tem- 
perature (25° C.). 
Test Percent Duration 
Temperature Germination of Test 
10° C. 0 2% months 
15° C. 0 2 months 
20° C. 0 4 months 
25°C. 0 6% months 
25° C. 21 9 months 
30° C. 0 2% months 
30° C. 78 5 months 


As shown by tests to be reported later the illumina- 
tion was ample, being 800 fe. or more for 20 hours 
per day, in each of the tests. A parallel series at 
10 hours of illumination per day was discontinued 
after two months with no germination. It seems ap- 
parent that the reasonably good germination which 
oceurred at 30° was not a direct response to the in- 
crease between the temperature of formation and the 
test temperature since no germination occurred for 
almost three months after the transfer. This appears 
simply to indicate that the after-ripening processes 
ean proceed at high constant temperatures, but they 
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Fig. 27. Effects of nitrate deficiency, increased carbon dioxide, and cool dark period on relative numerical 
growth in Spirodela. During 14-day exposures to various combinations of light and temperature conditions. (Val- 
ues are averages of duplicate cultures started with 5 plants each.) 
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Fig. 28. Effects of nitrate deficiency, increased carbon dioxide, and cool dark period on relative growth in dry 
weight in Spirodela during 14-day exposure to various combinations of light and temperature conditions. (Initial 
dry weights averaged 1.5 mgs. per culture.) 
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do so very slowly. The same conclusion may be drawn 
from the results of the 25° test. 

Regardless of previous treatment or light condi- 
tions turions remain dormant indefinitely between 0° 
and 14° C. I have kept them for 21 months at 6° C. 
At the end of this time they were still viable. They 
can stand inclusion in ice for appreciable lengths of 
time, but 48 hours at —12° C. is sufficient to kill 
them. They retained almost full viability for three 
months (maximum test period) at —4° C. Alternate 
thawing and freezing had apparent injurious 
effect on the turions. Those stored at —8° lost via- 
bility quite rapidly. After five days only about 40 
percent germinated, and after ten days no germination 
was obtained when transferred to 25° C. 


no 


If turions which are formed at a low temperature 
(10°-15° C.) are moved to a higher temperature they 
germinate quite promptly. Those forined at high 
temperatures (20°-30° C.) and transferred to lower 
temperatures remain dormant for long periods of 
time but if transferred to higher temperatures they 
begin to germinate at irregular intervals. The fol- 
lowing data illustrate the details of this behavior and 
form the basis for the foregoing conclusions. Tests 
were made in duplicate using 10 turions per culture. 

Turions formed at 10° and transferred after 2-3 
weeks to: 

15° remained dormant (at least 3 months). 
20° germinated in 3 days. 
30° germinated in 2 days. 

Turions formed at 25° and transferred after 2-4 

weeks to: 
15° remained dormant (more than 2 
20° remained dormant (more than 2 


35° germinated in 11-22 days. 


months). 
months). 


Turions formed at 25° and transferred as soon as 
mature to 30° failed to germinate although observed 
for two months. Turions formed at 10° and trans- 
ferred as soon as mature to 30° germinated in 12-17 
days. These germination tests were carried on in 
Hoagland’s medium at 800 foot-candles of light for 
16 hours, per day. 

BREAKING DoRMANCY 

The physiological changes which must precede 
germination may be indueed by various environmental 
conditions. The most effective.of those tested is treat- 
ment of fresh turions with low temperatures. Two 
weeks (more or less, depending on age and‘ temper- 
ature of formation of turions) at temperatures be- 
tween —4° and 10° C. is sufficient to give prompt 
uniform germination on transference to any temper- 
ature above 15° C. (successful tests have been made 
up to 45° C.). The precise time and temperature 
relations for the minimum successful pretreatment 
cannot be stated briefly since the age and temperature 
of formation of the turion are modifying factors. 
Turions which were formed at 25° were stored at 6° 
for two weeks and then returned to 25°. They all 
began to germinate within three days. When they 
were treated for only one week germination began a 
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few days later and was sporadic. A similar batch of 
turions treated at —4° for one week gave uniform 
germination, but when a temperature of 10° was 
used two weeks was required to give prompt germina- 
tion. Treatment at 14° for two weeks gave only 
sporadie germination, but after one month at this 
temperature rapid uniform germination followed when 
the turions were transferred to 25° C. Old turions 
usually pretreat more rapidly than fresh ones. Those 
formed at low temperatures’ (10°-15°) require less 
pretreatment than those formed at higher tempera- 
tures. Light intensity is of minor importance in 
breaking dormaney but germination will not oceur 
in darkness. An intensity of 5-10 foot-candles has 
given satisfactory germination but the new fronds are 
etiolated unless higher intensities are received. Fol- 
lowing successful cold treatment germination is essen- 
tially 100 percent within several days after exposure 
to light and proper temperature. 

These data explain Agnes Arber’s (1920) observa- 
tion that “dormancy may be broken by a few days in 
a warm room with even a weak light as early as 
January.” Turions collected from ponds in the vicin- 
ity of Minneapolis as early as October 5 germinated 
promptly at a temperature of 25° C. 

An interesting dormaney-breaking effect was ob- 
tained by mixing fresh turions with water-saturated 
loam in a glazed crock and allowing the water to 
evaporate until the surface of the soil was dry and 
crumbly. This was carried on in daylight in a green- 
house and required 8 days. Water was then added 
to a depth of several inches above the soil. Germina- 
tion began three days later and continued sporadically 
two weeks or longer. The temperature varied be- 
tween 21° and 25° C. A control culture of submerged 
turions under the same conditions of temperature and 
light showed no germination. Turions cannot tolerate 
complete air drying. They become permanently wilted 
in a few minutes if directly exposed to the air. An 
effect similar to the one just deseribed was noted 
when an old culture which had become concentrated 
by evaporation to one-tenth of the original volume 
vas diluted to the original volume with distilled water. 
Sporadie germination soon followed. 

This type of dormaney is of prime importance in 
the life-history of S. polyrhiza. If the turions were 
to germinate as soon as formed the species would be 
unable to survive a single winter in the entire north- 
ern portion of its range. For this reason an interest- 
ing exceptional ease is worthy of note. In one culture 
at 14 hours of 50 foot-eandles of light and tempera- 
atures of 30° C. during the light period and 22° 
during the dark period a single turion was produced 
which germinated within six days of maturation. A 
culture of dormant turions showed no germination 
under the same conditions. If such a turion were to 
result from a spontaneous mutation in nature, it 
would be promptly weeded out in the northern regions 
but it would probably have no survival handicap in 
tropical parts of its range. It is therefore possible 
that such local populations may oceur, but material 
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collected in Florida and grown subsequently in the 
laboratory at Minneapolis, has been observed to pro- 
duce turions which go into dormancy after matura- 
tion, just as do the turions produced from northern 
material. 
GERMINATION MECHANISM 

Dormant turions as already pointed out in an 
earlier section are olive to dull green above and olive 
to dull reddish below, non-glossy, non-buoyant, root- 
less, conéave above, and convex below. The germina- 
tion of these bodies was described by Hegelmaier in 
1868. His description has been quoted since then by 
Arber (1920), but it does not agree in detail with 
observations which I have made in the field and in 
laboratory experiments. His account is simply that 
germination occurs while the turions are submerged 
and that since the new offshoots are typical buoyant 
fronds, they buoy the plant to the surface of the 
water where growth continues. In local ponds in May 
the writer has found many turions floating with no 
offshoots. What is more, they are buoyant (will rise 
again if submerged). Detailed observations have re- 
vealed that when turions are physiologically ready to 
germinate and the temperature is above 15° C. light 
induces the turion to expel a bubble of gas (probably 
oxygen produced in photosynthesis). This bubble 
arises in the pocket and pushes out between the 
pocket sheath and the upper surface of the turion. 
The bubble adheres tenaciously in that position, and 
with this added buoyancy the turion quickly rises to 
the surface of the water where the bubble breaks and 
thereafter surface tension supports the turion. Germi- 
nation usually proceeds rapidly after this but ocea- 
sionally the surface tension is broken, in which case 
the turion sinks to the bottom again until it is brought 
back to the surface by anothér bubble. This bubble 
mechanism also may operate on dormant turions 
which are not yet able to germinate, but this occurs 
only at high (25°-35° C.) temperatures and high 
(above 1000 foot-candles) light intensity. In such 
eases the turions simply rise during the light period 
and sink during the dark period unless they break 
through the surface film, in which case they may re- 
main floating but dormant for some time. This be- 
havior has also been observed in natural waters. 

Shortly after reaching the surface of the water 
germination normally begins. The turions swell to 
roughly one and one-half times the original thickness 
and slightly greater than the original diameter. They 
become glossy, dark green, and convex above, pale 
green to pale red below, and remain convex below. 
They are then buoyant and the upper surface is not 
wettable. From 2 to 5 roots push through the root 
shield and the first offshoot pushes aside the pocket 
sheath as it emerges from the pocket. A second off- 
shoot soon develops and this usually marks the maxi- 
mum development of the turion (occasionally a third 
offshoot forms). 

The process of germination is very rapid at tem- 
peratures from 20°-35° C. Dormant turions from 
ecld storage rise to the surface in a few hours at 
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these temperatures when they are receiving 100 foot- 
candles or more of light. (The rate at 800 foot- 
candles and 35° is only slightly greater than at 100 
foot-candles and 25°.) If submerged again they re- 
turn to the surface in a few minutes. Within 24 
hours more they are conspicuously swollen and by 
the next day or two a young offshoot is visible. At 
17° the process requires at least twice as long as at 
25° C., and at 16° it requires a week or more for the 
turions to reach the surface and another week for 
germination to be completed. 

Turions not only normally germinate at the surface 
of the water but they are apparently unable to ger- 
minate while submerged. If a sheet of glass is sus- 
pended in the water so as to prevent dormant turions 
from reaching the surface they fail to germinate. The 
same is true if they adhere to the bottom of the eul- 
ture dishes, but once they are released they germinate 
readily. The only exception occurred when three 
turions which became entangled in filamentous algae 
germinated after two weeks of strong illumination 
while only 1 em. from the surface of the water. In 
this case the water was unusually well aerated and 
gas bubbles formed by the algae during photosyn- 
thesis sometimes were in contact with the turions. 

In the vicinity of Minneapolis germination begins 
early in May (May 10 is the average of 4 years 
1943-46). It is interesting to note that the latest 
killing frost at Minneapolis is May 16 and the forty- 
year-average date is April 25 (Climate and Man 1941). 
Germination in shallow isolated ponds begins some- 
what earlier than on lake shores or in deeper ponds. 
Wave action along lake shores counteracts the loeal- 
ized heating thus delaying germination somewhat. On 
May 19, 1943, when germination was in full progress 
certain pertinent readings were made between 2:00- 
3:00 P.M. It was a clear day and the air temper- 
ature during the afternoon was about 24° C. In a 
shallow pond near Lake Minnetonka the surface tem- 
perature was 20°; the temperature just above the 
bottom at a depth of 25 em., where the turions lay, 
was 16.5°, just above the minimum for germination. 
Ten em. below the surface of the peat bottom the 
reading was 12.5° C. 

TuRION TOLERANCES 

While lacking several features of highly differen- 
tiated seeds, the turions of Spirodela are considerably 
more resistant to various unfavorable conditions than 
are the vegetative plants. The range in their toler- 
ance of some of these factors has already been indi- 
cated. They can exist encased in ice at —4° C. for 
at least three months and probably longer, but a tem- 
perature of —12° kills them within two days. These 
results were obtained with fresh turions formed in 
cultures at 25° and stored in the freezing compart- 
ment of a refrigerator at the temperatures indicated. 

The maximum temperature that turions ean tolerate 
has not been determined precisely since it appears to 
be so high as to be of little practical importance. 
They have been maintained in dormant condition for 
24 hours at 50° C. (122° F.) without loss in viability. 
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Others were germinated and grown successfully for 
one week at 45°. Probably due to an insufficient 
nutrient supply to maintain the high~metabolie rate 
the fronds were thin and weak at this temperature. 
Turions kept at 60° for 24 hours lost their viability. 

Turions ‘have been maintained and germinated in 
culture media that give a pH range of 4.2 to 9.6. No 
tests were made beyond this range but no lethal 
effects were observed at either extreme although the 
offshoots were small and weak at the lowest point. 
Sodium hydroxide was used to maintain the highest 
‘ralue. This range more than covers the normal range 
in natural waters that contain duckweeds. The mere 
tolerance to this pH range in culture does not rule out 
the possibility of secondary unfavorable factors lim- 
iting the growth of Spirodela at high or low pH 
values in nature. 

In experiments with fish and young water birds 
(discussed in an earlier section, p. 441) the writer 
found that the turion is destroyed in passing through 
their digestive tracts. Both turions and vegetative 
plants of Spirodela are normal foods of various 
waterbirds, fish, and muskrats. 

All duckweeds are notably resistant to anaerobic 
conditions. Even L. trisulea which grows completely 
submerged flourishes in stagnant ponds that have 
large amounts of hydrogen sulfide but insufficient 
oxygen to support most green algae. The surface- 
living duckweeds are of course little affected by 
anaerobic conditions of the substrate since they are 
in contact with the atmosphere and have highly de- 
veloped lacunar systems, but the dormant submerged 
turions of Spirodela must be tolerant toward such 
conditions or they would be unable to survive for 
long periods of time embedded in the bottom muck. 
The validity of this assumption was further tested 
hy placing fresh turions in the dark in a sealed bottle 
of water from which all air had been removed by 
boiling. Two weeks of such treatment did not affect 
their viability. 

Only the upper surface of the Spirodela turion is 
eutinized. The lower surface has only a thin muci- 
laginous coat through which water is lost quite read- 
ily. Consequently it exhibits no appreciable resistance 
to air drying. It becomes permanently wilted in a 
few minutes at room temperatures even in still air 
and subdued light. It is of course able to exist for 
long periods of time in a saturated atmosphere. Thus 
when eneased in moist soil it is insulated against 
serious water loss until the soil has reached almost 
complete air dryness. 

Water depth does not appear to be a direct factor 
in limiting turion germination but it does operate 
indirectly through the reduction of light intensity. 
This was shown by several tests. A narrow glass tube 
about two meters long was stood erect with the lower 
end sealed and then filled with water. Dormant 
turions were introduced and they sank to the bottom. 
When the tube was placed in the sunlight they 
promptly rose to the surface and germinated. When 
the sides of the tube were wrapepd with black paper 
and then with white paper (to prevent overheating) 
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the turions failed to germinate during the two-week 
test period. The maximum depth from which turions 
can germinate providing ample light is available has 
not been determined, but Spirodela rarely grows in 
situations where the turions could be earried to a 
greater depth than two meters. It does not generally 
grow in deep open water, except when carried there 
by wind, ete. 


SUMMARY 


1. This work consisting of field observations and 
experimental studies under controlled conditions was 
undertaken in order to obtain precise data on the in- 
fluences of environmental factors on the critical 
phases of the life-history of the greater duckweed 
(Spirodela polyrhiza (l.) Sehleid.) so that the eco- 
logical status of this and other species of duckweeds 
could be studied more critically. 

2. The taxonomic status and synonymy of the species 
is summarized. 

3. The general range and local distribution in Min- 
nesota are reviewed. 

4. The various means of dispersal of the species are 
discussed and analyzed from field studies. The most 
effective agents are undoubtedly water, aquatie birds, 
and aquatic mammals (muskrat). Seeds are very rare 
so can be of but little importance; they have never 
been observed by the present writer. 

5. The use of duckweeds for food by eight species 
of birds, carp, and muskrats as well as by insect 
larvae, slugs, and snails is described. The relative 
freedom of Spirodela turions (winter buds) from 
browsing by snails, ete. is pointed out but not 
explained. 

6. Modifications of aquatie habitats by duckweeds 
and competition between these species and other 
aquaties is deseribed. 

7. The status of Spirodela in local duckweed com- 
munities is discussed. Phenology, competition, habi- 
tat preferences, ete., are noted in the descriptions of 
the various community types. 

8. The morphology and anatomy of Spirodela are 
described and illustrated photographically. 

9. A detailed analysis of the Spirodela frond as a 
much abbreviated shoot bearing a terminal perfoliate 
leaf, adventitious roots, and two bracts in whose axils 
all offshoots and flowers arise is proposed. 

10. A complete morphological and anatomical de- 
scription of the turion (a specialized overwintering 
frond) is given. 

11. Turion «primordia are indistinguishable from 
primordia of vegetative shoots until they are at least 
0.4 mm. in length but their destinies are already de- 
termined by the time they are 0.2 mm. in length. 

12. Turions are never formed from other turions. 
At least two to four vegetative generations must inter- 
vene. Vegetative propagation may continue indefi- 
nitely without turion formation. 
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13. In Minnesota turion formation begins in July 
and continues until frost. 

14. The turion phase is emphasized in the experi- 
mental studies because Spirodela is entirely depend- 
ent on these structures for its existence in the north- 
ern parts of its range since the vegetative plants are 
not able to live through the winter. 

15. Factors influencing turion formation, turion 
germination, and vegetative growth of the thallus 
were studied in an experimental culture apparatus 
in which up to 36 different combinations of temper- 
ature, photoperiod, and light intensity could be main- 
tained simultaneously. This apparatus is described 
end illustrated. 

16. Turion formation is:induced by combinations 
of environmental conditions which maintain the pho- 
tosynthetic rate at a level which is well above that 
which is required to sustain growth and respiration. 
High total light energy and ample carbon dioxide 
supply are two of the factors which may exert this 
influence. 

17. Especially at lower light energy values turion 
formation requires the operation of factors which 
limit the rates of growth and respiration (photosyn- 
thate utilization) to levels that are well below those 
that the photosynthetic rate is able to sustain. Low 
temperature and nitrogen-deficiency are two of the 
factors which may exert such an influence. 

18. Turions were produced experimentally at tem- 
peratures ranging from 10°-35° C. 

19. Turions 
ditions. 

20. Turions are not resistant to air-drying, but par- 
tial drying may have a dormancy-breaking effect. 


are very tolerant of anaerobic con- 


21. Turions are tolerant of temperature extremes 
of —8° and 50° C. for at least 24 hours, but two 
days at —12° or 24 hours at 60° is lethal. 

22. Turions are destroyed in passing through the 
digestive tracts of birds. 

23. Turions do not normally germinate the same 
season that they are formed. In Minnesota germina- 
tion begins in May. 

24. An after-ripening period must precede germina- 
tion but the nature of the chemical changes involved 
has not been studied. The length of the period is 
determined chiefly by temperature, both during the 
turion’s formation and subsequently. The period 
may be reduced to two weeks by pretreating at 
10° C. or below, whereas it may be at least six months 
long at a constant temperature of 25° C. 

25. Germination is preceded by the formation of a 
gas bubble which brings the non-buoyant turion to 
the surface of the water where buoyant structure de- 
velops, and roots and an offshoot are produced. For- 
mer accounts describe germination as occurring while 
the turion is still submerged. 


26. The minimum temperature for germination is 
15° C. 
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27. Light is essential for germination but 5-10 foot- 
candles is sufficient. 

28. Types of vegetative growth obtained under 68 
different combinations of conditions are described and 
shown graphically as numerical and as dry weight 
values. 

29. Turions of the lesser duckweed (Lemna minor 
L.) are reported and deseribed for the first time. 
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RESPONSE OF CERTAIN LEGUMES TO VARIATIONS IN SOIL AND 


MICROCLIMATE ON ERODED AREAS IN SOUTHEASTERN ITOWA® 


INTRODUCTION 


Since 1937 the Hilleulture Research Section of the 
U. S. Soil Conservation Service and the Iowa Agri- 
cultural Experiment Station have conducted a com- 
prehensive study of ecological problems involved in 
the revegetation and future use of eroded soils in 
southeastern Iowa. An abandoned 187 acre farm near 
Floris in Davis County, Iowa, is representative of 
these areas and has been the location of most of the 
experiments. 

The present population of this and many similarly 
eroded agricultural sections is too large to permit 
their reversion to large scale pastureland or forest. 
As an ineentive for retirement of much hilly land 
from ordinary cultivation, the “hilleulture” plan was 
proposed. In furthering this plan, the motivation 
throughout has been the selection and study of supe- 
rior native and introduced plants for an integrated 
two-system cover including (1) contour-row cultivated 
crops of high economic value and (2) soil and water 
conserving cover plants for the inter-row spaces. The 
legume experiments here reported are a part of the 
over-all pattern of cover plant studies at Floris, 
which also have included prairie grasses and other 
native vegetation. 

Revegetation of eroded areas and their restoration 
to effective agricultural use often involves a choice 
between two approaches: (1) a program of expensive 
and laborious soil treatment, or (2) the ecological 
principle of accelerated succession as governed by 
habitat analysis. Using the ecological approach, the 
experiments here described have attempted (1) to 
discover the quantitative differences in major environ- 
mental factors of soil and microclimate of three sites 
within a small but diverse area, and (2) to relate 
these differences to measurable site variations in estab- 
lishment and growth of a rather large selection of 
leguminous species. Determination of the range of 
these habitat differences will aid in evaluation of the 
relative importance of each factor in predicting suc- 
cess or failure in adaptation of the same species to 
similar sites elsewhere. The wide scope of the studies 
in the field prevented any considerable experimental 
control of habitat factors. However, the experiments 
were designed throughout to permit statistical meas- 
urement and analysis of factors otherwise difficult of 
interpretation. 

Few studies of this type have been conducted on 
the comprehensive seale here attempted. It was de- 
sired to pursue the investigation as intensively as 





® Revision of a thesis submitted to the faculty of the Grad- 
uate College of lowa State College in August, 1942, in partial 
fulfillment of the requirements for the degree of Doctor of 
Philosophy. 


vas consistent with the time and facilities available. 
At the same time, it became apparent that certain 
desirable features of habitat study would have to be 
eliminated or subordinated to others of seemingly 
more immediate importance or practicability. The 
validity of selections of analyses to be made was 
generally confirmed by results obtained. However, 
it later developed that the substitution of additional 
soil physical and perhaps soil microbiological tests 
for certain of the overlapping soil chemical analyses 
would have given a more useful picture of habitat 
differences. 

There is extreme local variation in 
climatie factors on eroded hillsides such as those used 


many micro- 
in the experiments here described. If ignored, these 
loeal differences may lead to error in habitat analysis. 
That significant and consistent microclimatie differ- 
ences exist within small areas is easy to demonstrate. 
Appraisal of their practical importance in the re- 
sponse of plants is much more difficult, except in 
A full appre- 
ciation of microclimatie effects awaits a much greater 
knowledge of the physiology of plants in the field 
and even more intensive use of meteorological instru- 
However, data assembled in these legume ex- 


such obvious cases as frost pockets. 


ments. 
periments indicated clearly thati microclimate may have 
an importance almost equal to that of soil in controlling 
plant response variations within very limited areas. 

In the extensive literature built up in the subjects 
of mineral nutrition and water relations of plants in 
the field, most papers have lacked either the defin- 
itively quantitative or the ecological approach. <A 
detailed review of the literature is not here feasible, 
but reference to pertinent papers is made in the dis- 
cussion of results and elsewhere in the text whenever 
applicable. 
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support is owed to the Iowa Agricultural Experiment 
Station, the Hilleulture Section of the Soil Conserva- 
tion Service, United States Department of Agricul- 
ture, and to federal works agencies, without whose 
cooperation it would have been impossible to conduct 
the studies on the scale attempted. 


METHODS OF STUDY 

SELECTION OF FIELD SiTEs 
The Hilleulture Experimental Farm near Floris 
includes typical areas of both Lindley loam and 
Weller silt loam, the two major light colored soils of 
the well-drained uplands of Davis and adjacent coun- 
ties in Iowa and Missouri. Lindley loam oceupies 
the largest acreage of any soil type in this region 
and Weller silt loam is commonly associated with it 
in somewhat smaller.area. Both soils were developed 
under oak-hickory forest, Weller from Peorian loes- 
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SITE LOCATIONS 


W-WELLER SILT LOAM 
B-BOTTOMLAND 
L-LINDLEY LOAM 
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Fic. 1. Location of the Weller silt loam (W), bot- 
tomland (B), and Lindley loam (L) experimental legume 
sites on the U. S. Soil Conservation Service Hilleulture 
Farm near Floris, Iowa, with respect to the contour pat- 
tern. Vertical contour interval, 10 ft. 
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sial parent material and Lindley from glacial drift 
of Kansan age. The original, nearly level plain 
assumed by geologists for this region has been thor- 
oughly dissected by numerous streams and their tribu- 
taries, leaving the small interstream divides of the 
forested area covered with Weller soil, and the Lind- 
ley in narrow strips along the valley slopes below. 
Natural surface drainage is excessive, though large 
scale maps including this section of Iowa and Mis- 
souri place it in the Grundy-Shelby-Parsons associa- 
tion of planosols. 

Representative sites of Weller silt loam (slope 
phase) and of Lindley loam were selected on the 
Hilleulture farm, and a third lowland site ineluded 
for comparison in the legume adaptation studies. The 
approximate locations of these sites are shown in 
Fig. 1 in respect to the contour pattern of the farm. 
Other site differences than those of soil profile are 
listed for comparison and reference in Table 1. The 
qualities tabulated are those present at the time the 
experiments were started and do not include any 
treatments specifically applied for this study. Many 
data for previous treatment are taken from Gull.‘ 


Descriptions of the experimental legume 
Typical 


TABLE 1. 
sites at the time of their selection in 1939. 
profiles are described in the text. 





Bottomland 
site 


Lindley loam 


Weller silt loam 
i site 


Site quality) 
iteri site 


criteria | 





Direction Exposure generally Exposure generally Exposure generally 
and degree | southeastward;Slope | westward; Slope 1 to | south-southeastward; 
of slope | 2 to 14 percent, aver- 11 percent, averag- | Slope 3 to 9 percent, 
| aging 9.4 percent | ing 4.6 percent averaging 6.2 percent 
| 
| 
Average depth of | Average depth of top 


Extent of | depth of 
| topsoil, 6 to 8 inches, | soil, 2 to 4 inches. 


Average 


erosion topsoil, 4 to 6 inches 

but with overwash of | 

infertile colluvium | 

| along upper margin | 

| | | 
Recent | Abandoned from cul- | Almost continually | Abandoned from cul- 
cultural tivation about 30 | cultivated,with corn, | tivation about 1933, 
history | years ago; poor quali- | small grains and with corn the chief 


various truck crops previous crop; sown 
| tosweetclover in 1937, 
with excellent stand 


in 1939. 


| ty pasture since that 

time; broadcast to 
| Korean lespedeza in 
1936, but stand was 
still weak in 1939. | | 


in rotation 


Degree of 


acidity and 


natural 
fertility 
before 


Highly acid, and of 
medium to low fer- 
tility 


treatment | 


Recent fer-| 
tilizer and 


No treatment at 
least since 1930 


Moderately acid, and | 


of fair to medium 
| fertility 


2-'4 tons of coarse 
limestone and 200 


Moderately acid, and 
of medium to low fer- 
tility 


3 tons of coarse lime- 
stone and 200 pounds 


| 
liming | pounds of phosphate | of phosphate per acre 
treatments | per acre in 1937 | in 1937. 
| | 
Average | | 
elevation | 65 feet | 15 feet 70 feet 
above creek | 
level | 
* Gull, Proctor Wendel. 1938. The development of the south- 
ern Iowa pasture improvement program. Unpublished M.S. 
thesis. Library, Iowa State College, Ames, Iowa. 
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Representative soil profiles of the three experi- 
mental sites are typical of those usually described for 
the same soil types (Orrben and Swenson 1940), 
except that erosion has removed much of the A 
horizon in both of the upland sites as shown in Fig. 
2. However, it should be noted that the Weller silt 
loam of this paper is the same soil type as the Clin- 
ton silt loam mapped in the same county by Orrben 
and Swenson (1940). The redefined Clinton soils are 
now given a more restricted area to the north of the 
Des Moines River, and the former Clinton soils of 
extreme southeastern Iowa have been reclassified as 
Weller soils on the bases of a thinner deposit of 
loessial parent material and a higher clay content in 
the B horizon than are found in true Clinton soils 
(Riecken 1946). In the lowland experimental legume 
site, considerable overwash material from the adjacent 
slope has been deposited over the surface along the 
upper part of the area, producing in effect a buried 
profile. The lowland site is closely related to the 
Ray fine sandy loam soil type, although rather fre- 
quent overflows have kept the profile in a relatively 
immature state which is best described as an alluvial 
“soil.” 

The following descriptions of typical profiles of 
the Weller and Lindley soils may be taken as repre- 
sentative of those found in the experimental legume 
sites, with the above noted exception of erosive re- 
moval of much of the A horizon. However, except 
for a small area of the southwest corner of the 
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Weller site, the A horizon has nowhere been com- 
pletely lost in the legume sites. Outerops of reddish 
brown gritty silty clay of Lindley B horizon, on 
which even the early weed invaders establish them- 
selves with difficulty, occur frequently elsewhere in 
southeastern Iowa and adjacent Missouri, but as yet 
have not appeared on the Lindley legume site. 

Weller silt loam is characterized by a light ‘yellowish 
gray A horizon becoming more yellowish brown with 
depth. The thin A: layer when present is grayish 
brown, much darker when wet, and of fine soft crumb 
structure, but in lower layers grades into a platey 
and at greater depth into an irregular nut structure. 
The A horizon is readily friable throughout. The B 
horizon is a yellowish brown silty clay loam grading 
into a dull yellowish brown clay and becoming much 
less friable in the lower horizons. The nut structure 
becomes coarser and mottling with gray, reddish 
brown, dark brown and black is faint but more wide- 
spread with depth. The C horizon is coarsely vari- 
egated with dull yellowish gray, dark reddish brown, 
dull orange and yellowish brown, and with black 
streaks, but when crushed is yellowish gray. It is a 
silty clay loam, finely vesicular, of irregular nut 
structure, and only slightly more friable than the B 
horizon. Weller silt loam is moderately to extremely 
acid and low in organic matter. 

Lindley loam often shows little profile development 
because of the marked relief. The shallow profile 
formed in the less sharply rolling sections has an A 
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horizon 6 to 8 inches in depth, of which the surface 
laver typically consists of a friable dark gray loam 
merging at an average depth of 2 inches with the 
pale grayish vellow or grayish brown loam which 
makes up the balance of the A horizon. However, 
there is much variation in texture of the surface soil, 
which within a small sampling area may contain con- 
siderable amounts of either very fine sand or coarse 
sand and small gravel. The upper boundary of the 
reddish brown or brown B horizon of clay loam is 
usually quite distinct, because of both the abrupt 
color change and the appearance of a nut structure 
and much sand and gravel. The B horizon is about 
16 inches in thickness and grades into the dull yel- 
lowish brown or yellow clay of the glacial till in the 
C horizon, which is much mottled with rust brown 
and bluish gray. Lindley loam is moderately to 
strongly acid and low in organic matter. 

There is considerable variation in the soil of the 
bottomland site, although less than in the upland 
sites, except for the overwash deposits cited above. 
Generally, the soil profile may be described as in- 
cluding a deep surface soil of moderately dark gray- 
ish brown fine sandy loam grading through a clay 
loam into a silty clay loam of about the same color 
or a darker brown. Horizon differentiation is weak, 
but this is the result of the relative youth of the 
profile rather than of poor drainage. This soil though 
representative of the best non-eroded sites available 
on the Hilleulture farm for comparison with the up- 
land areas is of lesser productivity than the better of 
lowland soils of southeastern Iowa and northeastern 
Missouri. 

Employing the known indicator significance of na- 
tive vegetation and ruderals, a more direct measure 
of site quality is given in Table 2, listing the more 
important plant species which were present in the 
natural cover at the time the experiments were started 
and which were found to be the chief weed competi- 
tors in subsequent culture of the plots. It will be 
noted that the littleflower mealybean, on the Weller 
site, is the only legume ineluded in this list of the 
more important naturally occurring species. Korean 
lespedeza (Lespedeza stipulacea) was also present on 
the Weller site and sweetelover (Melilotus alba) on 
the Lindley site as a result of plantings. Investiga- 
tions of Larason® and Ward® on the same farm had 
shown bracted plantain and prairie threeawn grass 
to be indicators of the poor soil quality of early stages 
in plant suecession, and small ragweed to indicate the 
soil improvement of intermediate stages. Sheep sor- 
rel and the common yellow oxalis have been recog- 
nized by numerous investigators as indicators of high 
soil acidity. 

On the basis of these preliminary observations of 
natural cover vegetation and soil quality, the bottom- 


5 Larason, G. Fred. 1938. Secondary plant succession on 
eroded soils of southern Iowa under natural and modified con- 
ditions. Unpublished M.S. thesis. Library, Iowa State Col- 
lege, Ames, Iowa. ‘ 

® Ward, Henry S., Jr. 1940. The role of Plantago aristata 
Michx., Ambrosia artemisiaefolia L. and Solidago nemoralis Ait. 
in the secondary plant succession on eroded soil in southern 
Iowa. Unpublished M.S. thesis. Library, Iowa State College, 
Ames, Iowa. 
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TABLE 2. The more important species present in the 
natural cover of the experimental legume sites, or later 
appearing as weedy competitors. 





Scientific name! Common name? 


We ter Sit Loam Sire 
Achillea lanulosa Nutt. Western yarrow 
Aristida oligantha Michx. 
Asclepias verticillata L. 


Prairie threeawn grass 

Whorled milkweed 

Stinkgrass 

Daisy fleabane, Annual fleabane 

Milk purslane, Spotted euphorbia 

Yellow oxalis 

Bracted plantain, Bottlebrush Indianwheat 
Sheep sorrel 


Eragrostis cilianensis (All.) Link 

Erigeron annuus (L.) Pers. 

Euphorbia maculata L. 

Oralis stricta L. 

Plantago aristata Michx. 

Rumer Acetosella L. 

Strophostyles leiosperma (T. and G.) 
Piper Littleflower mealybean, Small wildbean 

BorroMLanp SITE 

Digitaria sanguinalis (L.) Seop. Hairy crabgrass 

Stinkgrass 

Mare’s tail, Horseweed fleabane 

Milk purslane, Spotted euphorbia 

Flower-of-an-hour 

Carpetweed 

Smartweed 

Spine mallow, Prickly sida 


Eragrostis cilianensis (All.) Link 
Erigeron canadensis L. 
Euphorbia maculata L. 

Hibiscus Trionum L. 

Mollugo verticillata L. 
Polygonum punctatum Ell. 

Sida spinosa L. 


LivpLey Loam Sire 

Amaranthus graecizans L. Tumbleweed amaranth 
Ambrosia artemisiaefolia L. var. 

Small ragweed 

Many-flowered aster 

Mare'’s tail, Horseweed fleabane 

.Milk purslane, Spotted euphorbia 
. .Fall panicum 

Green bristlegrass 


elatior (L.) Desc. 
Aster ericoides L. 
Erigeron canadensis L. 
Euphorbia maculata L. 
Panicum dichotomiflorum Michx. 
Setaria viridis (L.) Beauv. 


1 Scientific names of the grasses follow Hitchcock's Manual; other species are 
according to Palmer and Steyermark (1935) or more recently approved names. 

2 Common names follow the American Joint Committee on Horticultural 
Nomenclature’s “Standardized Plant Names” (1942) except where two names are 
given, in which cases the second is according to “S.P.N.’ and the first is more 
acceptable because of much wider usage 


land site was considered the most favorable of the 
three sites for plant establishment and growth, with 
the Lindley area the better of the two upland sites. 
Lindley loam generally has a lower productivity rat- 
ing than does Weller silt loam, but the liming, phos- 
phate-fertilization and sweetclover culture treatments 
of the particular Lindley site used in these studies 
were believed to have made it a more favorable 
edaphic habitat than was the untreated Weller site. 


EXPERIMENTAL PLOT ARRANGEMENT 

Weller silt loam site. Five contour furrows were 
laid out in April 1939 with a 16-inch horse-drawn 
breaking plow, and were later pointed up by hand 
labor with spading shovels. The surface interval be- 
tween furrows ranges from 25 to 35 feet, with a 
vertical interval of 3 to 6 feet. No attempt to reduce 
soil or water loss in addition to these furrows has 
heen made, as it is desired to test the various species 
for their supplementary values in soil and water con- 
servation. In April 1939, the area was plowed with 
a horse-drawn plow, taking especial care to avoid a 
deep cut which would turn under the shallow surface 
However, some mixing of surface and subsoil 
was unavoidable. After plowing, the site was har- 
rowed, staked out into 190 milaecre (6.6 feet square) 


soil. 














October, 1947 


plots, and then raked by hand to provide a good seed 
bed. 

Bottomland site. Because of its relatively gentle 
slope, no furrows were laid out within this site. 
However, a large diversion ditch extending entirely 
along its upper border was made with a terracing 
machine in autumn of 1939 to prevent water and soil 
from further washing down over the site from the 
adjacent steep slope. In April 1939, the area was 
plowed with a horse-drawn plow, harrowed, staked 
out into 190 milaere plots, and then hand-raked to 
provide a good seed bed. 

Lindley loam site. Five contour furrows were laid 
out in April 1939 with a 16-inch horse-drawn break- 
ing plow, and were later pointed up by hand labor 
with spading shovels. The surface interval between 
furrows varies from 25 to 50 feet, with a vertical 
interval of 4 to 6 feet. As with the Weller site, no 
further attempt to reduce soil and water loss than 
by the furrowing has been made. In April 1939, the 
area between furrows was plowed shallowly with a 
horse-drawn plow, harrowed, staked out into 190 mil- 
acre plots, and finally raked by hand to provide a 
good seed bed. 

The general arrangement of the plots is shown in 
Fig. 3, which also includes the locations of the species 
treatment replications and weather and soil moisture 
sampling stations. 
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CHOICE OF SPECIES 

During the winter and early spring of 1938-1939, 
an effort was made to secure seed of as many as pos- 
sible of the herbaceous leguminous species believed to 
be tolerant of acid soils and of low fertility. Chief 
sources from which seed was obtained were the nurs- 
eries of the Soil Conservation Service; the Bureau of 
Plant Industry nursery at Arlington, Va.; Dr. J. N. 
Martin, director of the Iowa State College Herbaceous 
Garden: Sutton and Sons, Reading, England; com- 
mercial seed companies in the United States; and 
private collections. In addition to these species, seed 
of special fine-stemmed strains of annual and biennial 
sweetclovers was secured through the courtesy of the 
Dominion Forage Crops Laboratory at Saskatoon, 
Saskatchewan, Canada, and short corolla tube red 
clover strains from Dr. J. N. Martin and from Mr. 
Conrad G. Kruse of Loganville, Wisconsin. 

The legumes finally obtained for planting in 1939 
in all cases were either species which now are used 
very little or not at all in Midwest agriculture or 
new strains of standard agronomie legumes which are 
being tried for particular improvements which may 
warrant their adoption in this area. The sweet- 
clovers were chosen particularly for leafy and fine- 
stemmed characters, and the red clovers for the short 
corolla tubes which at that time were thought neces- 
sary for pollination by honey bees. 
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stations and of the randomized replications of the 19 species treatments. 


in Table 4. 


Map of the experimental legume sites, showing locations of the weather and soil moisture sampling 


Key to the treatment symbols is given 
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The leguminous species planted in the experimental 
plots in 1939 and 1940 are listed in Table 3. This 
group of legumes includes species of various growth 
habits such as: (1) Vines: Lathyrus tingitanus, La- 
thyrus venosus var. intonsus, Strophostyles helvola and 
Vicia villosa; (2) procumbent plants: Lespedeza 
latissima, Lotus corniculatus, Lotus uliginosus and 
Oxytropis tenella; (3) spreading bushy plants: Cassia 
fasciculata, Cassia occidentalis, Coronilla varia, Des- 
manthus illinoensis, Desmodium canadense, Desmo- 
dium paniculatum, Lespedeza sericea, Lespedeza 
stipulacea, Lespedeza violacea, Lespedeza virginica, 
Lupinus angustifolius, Melilotus alba and other meli- 
lots, Psoralea tenuiflora, and Trifolium pratense ; 
(4) erect single-stemmed plants: Lespedeza capitata. 


TABLE 3. Species of Leguminosae planted in replicated 
and randomized experimental milacre plots in 1939 and 
1940. 





Scientific name! Common name? 





Cassia fasciculata Michx.............Showy partridgepea 

Cassia occidentalis L. . .Coffee senna 

Coronilla varia L. E . Crown vetch, Crownvetch coronilla 
Desmanthus Glennie (Michx. ) 

MacM. : 

Desmodium eaabais (L. ) De. 
Desmodium paniculatum (L.) DC... . 
Lathyrus tingitanus L...... . 
Lathyrus venosus Muhl. var. intonsus 


..Prairie mimosa, Illinois bundleflower 
Canada tickclover 

. Panicled tickclover 

Tangier peavine 


Howarp E. 


Butters and St. John... 
Lespedeza capitata Michx......... 
Lespedeza latissima Nakai... . . 
Lespedeza sericea (Thunb.) Benth.?. . . 
Lespedeza stipulacea Maxim......... 
Lespedeza violacea (L.) Pers......... 
Lespedeza virginica (L.) Britton... . . 
Lotus corniculatus L.............. 
Lotus uliginosus Schkuhr. . . 
Lupinus angustifolius L. 

Melilotus alba Desr..... . . 
Melilotus officinalis (L.) eet: 
Melilotus suaveolens Ledeb.... . . 
Oxytropis tenella Fisch... 
Psoralea tenuiflora Pursh..... . 
Strophostyles helvola (L.) Britton 
Trifolium pratense L............... 
Vicia villosa Roth... 





..Veiny peavine 
. .Roundhead lespedeza 
..Decumbent lespedeza 


Sericea, Chinese lespedeza 
Korean lespedeza 

Violet lespedeza 

Slender lespedeza 


.Birdsfoot trefoil, Birdsfoot deervetch 
.Big trefoil, Wetland deervetch 

. .Blue lupine 

.. White sweetclover 


Yellow sweetclover 
Daghestan sweetclover 
Ruby Valley vetch, Ruby crazyweed 


. Slimflower scurfpea 
.. Tangle mealybean, Trailing wildbean 


Red clover 


..Hairy vetch 


1 Scientific names follow listings in Index Kewensis and supp'ements, except for 
more recently approved names. 

2 Common names, except where usage makes others more desirable, are accord- 
ing to the American Joint Committee on Horticultural Nomenclature’s “‘Standard- 
ized Plant Names” (1942). When two names are listed, the second follows “‘S.P. 
N.” and the first is more widely accep 

3 Lespedeza cuneata Dum. de Cours according to strict taxonomy. Lespedeza 
sericea 1s here retained because of its almost universal use by plant scientists in 
this country. 

4 This species, often planted in Soil Conservation Service nurseries and else- 
where under the name Astragalus rubyi Green and Morris, is now considered to be 
Ozytropis tenella, although it differs somewhat from the European species of the 
same name. 


PLANTING PROCEDURE AND PLoT CULTURE 


Following the staking of plots and seedbed prepara- 
tion as outlined above, the planting of plots pro- 
ceeded as rapidly as possible during the period May 
1 to 10, 1939. The planting of individual species 


was grouped in such a way that not more than two 
days separated the planting of any one species on 
all three sites. 
germination because of 


Inequalities of time advantage in 
climatic factors were thus 





BREWER marital Seca 
held to a minimum. 

The extreme soil variability within sites was not 
fully appreciated at the start of the experiment, but 
the experimental design was such that the effect of 
such variability on plant response is subject to statis- 
tical measurement as a result of replication of each 
treatment 10 times in each site and randomization 
within blocks. Except for a very few planting er- 
rors, each treatment was replicated once, at random, 
in each of 10 blocks of 19 consecutively numbered 
plots generally arranged to follow the contour of the 
slopes. The awe of each treatment replication 
is shown in Fig. 3 and the key to the symbols of the 
treatments both of 1939 and of 1940-1941 is presented 
in Table 4. 


TABLE 4. Key to the treatment identification symbols 
of the various purestand plantings of leguminous species 
and of the mixtures of legumes and of grasses and 
legumes used in the establishment and growth experi- 
ments at Floris in 1939, 1940 and 1941. 








Treat- | Species on MIXTURE 
ment |__ mare niieaticasal as 
symbol 
1939 1940-1941 
A Cassia fasciculata. . Lespedeza violacea 
D Desmanthus illinoensis | Desmanthus illinoensis 
E_ | Lespedeza capitata Lespedeza capitata 
F Lespedeza latissima | Lespedeza latissima 
G Lespedeza sericea Lespedeza sericea 
H_ = | Lespedeza stipulacea Lespedeza stipulacea 
J | Lespedeza virginica Lespedeza virginica 
K | Lotus corniculatus Lotus corniculatus 
M_ ss! Lotus uliginosus : | Lotus uliginosus 
N Lupinus angustifolius. . . ..| Desmodium spp.* 
P| Melilotus alba (Alpha strain) | Coronilla varia 
Q_ | Melilotus alba (Melana strain).....| Perennial legume mixture* 
T | Oxytropis tenella | Lathyrus venosus var. intonsus 
U | Trifolium pratense (Eppert deta). Trifolium pratense (Eppert strain) 
V Vicia villosa. | Vicia villosa 
WwW Annual-biennial legume mixture?..| Annual-biennial legume mixture 
X | Perennial legume mixture4 Perennial legume mixture* 
Y Legume-grass mixtures). . Legume-grass mixtures5 
Z Incomplete replications of | 


} . ie | . 
| miscellaneous specizs® : Lotus corniculatus 


1 Sinieiitins canadense - Paiste: sities, 
2 Desmodium canadense, Desmodium paniculatum, Lespedeza virginica, and 
Lotus corniculatus. 
3 Cassia fasciculata, Lespedeza stipulacea, Melilotus alba (Arctic strain), Melilotus 
—_ (Zouave strain), Melilotus suaveolens (Redfield strain), and Vicia villosa. 
Lespedeza sericea, Lotus corniculatus and Trifolium pratense (Eppert strain). 
5 Single plot mixtures for observation of combinations of the following: Cassia 
fasciculata-Agropyron cristatum, Cassia fasciculata-Sporobolus heterolepis, Cassia 
fasciculata-Stipa spp., Lespedeza capitata-Agropyron cristatum, Lespedeza capitata- 
Sporobolus heterolepis, Lespedeza capitata-Stipa spp., Trifolium pratense (Wilson 
strain)-Agropyron cristatum, Trifolium pratense ( Wilson strain)-Sporobolus hetero- 
lepis, Trifolium pratense (Wilson strain)-Stipa spp. plus one fallowed plot. 
6 One plot each of Cassia occidentalis and Lathyrus tingitanus, two plots each of 
Desmodium canadense and Psoralea tenuiflora, and four plots of Strophostyles he!vola. 


Except for the incomplete replications in treat- 
ments Y and Z of 1939, in which small stocks of seed 
made mechanical planting impractical, all plots were 
drilled with a 2-row “Planet Jr.” truck gardeners’ 
seeder. It was possible with this type of seeder to 
obtain a reasonably equal distribution of seeds of dif- 
ferent sizes and shapes in the short 6.6-foot rows of 
the milacre plots. It was believed that mechanical 
drilling would permit a mvre even distribution of 
seeds than would be possible in the same time with 
hand sowing. 
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All seeds were scarified, the smaller ones of the 
sweetclover, lespedeza, birdsfoot trefoil and similar 
types with sandpaper covered blocks, and the larger 
seeds, as of lupine, partridgepea, prairie mimosa and 
tickelover, by shaking in bottles with fine gravel. All 
seeds were inoculated with water suspensions of 
yeast-mannitol-agar cultures of the proper Rhizobium 


strains, and dried in the dark before planting. The 
Rhizobium cultures were in most eases obtained 


through the courtesy of Dr. W. B. Sarles of the Uni- 
versity of Wisconsin. 

Rates of planting were governed by differences in 
sizes of the seeds as well as in size and habit of the 
mature plants of the various species. The extreme 
differences in average seed size, ranging from 7 per 
gm. in Lupinus angustifolius to 1,910 per gm. in 
Lotus uliginosus emphasize the necessity of different 
rates of seeding. 

Because of the frequently used agronomie practice 
of seeding legumes with a nurse crop, 5 plots of each 
species or mixture on each site were sown with a 
nurse crop of rye and 5 without. Essentially the 
same methods of seed treatment and planting were 
followed for the plots which were replanted to new 
species in 1940, except that none was planted with a 
nurse crop (see Table 4 for differences in species 
treatments for the two seasons). 

Shortly after germination, all plots were carefully 
hand-weeded, and the inter-plot spaces hoed free of 
all vegetation. Three other thorough weedings were 
given all plots during the growing season, and larger 
weeds of competitive importance were removed period- 
ically. This laborious and time-consuming weeding 
program was followed because it was thought that 
the differences in number and type of weedy com- 
petitors as shown in Table 2 might otherwise intro- 
duce important variables of competition. A similar 
weed-removal program was followed in 1940 and a 
somewhat less thorough weeding was done in 1941 
because of fewer available laborers. 

COLLECTION OF ENVIRONMENTAL Factor Data 
. Six soil-moisture sampling stations, two on each of 
the three legume sites, were selected to represent mod- 
erate extremes of soil-moisture conditions insofar as 
these were originally apparent from observations of 
slope, exposure and soil type. Samples were taken 
at 7 depths: 0-6 inches, 6-12 inches, 12-24 inches, 
24-36 inches, 36-48 inches, 48-60 inches and 60-72 
inches, periodically throughout the growing season. 
Supplementary samples for the 6-18 inch depth also 
were taken. The times of sampling varied according 
to precipitation, but generally collections were made 
twice each month and long enough after rains to in- 
sure removal of all free-draining water. The posi- 
tions of the soil-moisture legume sampling stations 
are shown in Fig. 3. 

During the first 2 years of the legume experiments, 
weather stations were not maintained on the legume 
sites, except for a 1-month period on the Weller site 
during the summer of 1940. Weather data for these 


seasons were taken from the 4 stations maintained 
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for the Hilleulture farm as a whole, on north, south, 
east and west slopes. To obtain more exact informa- 
tion as to differences in microclimate between the 
three sites, a weather station was set up in the spring 
of 1941 on each site. The Weller and Lindley sta- 
tions each had one Friez recording hygrothermograph, 
one Friez soil-air recording thermograph, one maxi- 
mum and one minimum thermometer, one non-record- 
ing Robinson 3-cup anemometer, three atmometers 
using standardized Livingston white spherical porous 
cups, and one non-recording rain gauge. The bottom- 
land site station was similarly equipped except that 
it lacked an anemometer and a rain gauge. With 
very few exceptions, daily readings of maximum and 
minimum air temperature, evaporation, wind and 
precipitation were taken. Data for soil and air tem- 
perature and for relative humidity were obtained 
from the recording instruments which were checked 
frequently for accuracy of operation. For the very 
few occasions when daily readings of temperature 
extremes and evaporation were missed, interpolated 
values of evaporation were caleulated with the aid 
of temperature and humidity data from the record- 
ing instruments and the temperature maxima and 
minima were read from the charts. Locations of the 
weather stations are shown in Fig. 3. 
CHEMICAL AND PHysicaAL ANALYSES OF SOIL 

An extensive sampling program to determine the 
chemical and physical properties of the soil when 
first adopted was intended to measure only the dif- 
ferences between the three experimental sites. How- 
ever, when the extreme site variability became evident, 
it was apparent that in some properties, at least, 
variation was greater within sites than between sites. 
The original soil sampling program fortunately had 
been designed on a seale intensive enough to measure 
differences within sites, and further studies were pur- 
sued in view of the more exacting site measurement 
shown to be necessary. 

The soil chemical properties whose measurement 
was considered most essential to site differentiation 
were: (1) organic carbon, (2) organie nitrogen, (3) 
total base-exchange capacity, (4) total exchangeable 
bases, (5) exchangeable calcium, and (6) pH. Sinee 
it was obviously impractical to run analyses of all of 
these qualities for soil from each of the 570 milacre 
plots, a soil-compositing program was designed to re- 
duce the number of samples to be tested as well as to 
emphasize the soil differenecs between portions of the 
sites easily recognizable as distinet in soil quality. 

The soil sampling program was designed with two 
ends in view: first, and of most importance in this 
study, a deseriptive analysis of soil differences be- 
tween sites and within sites, independent of species 
treatments; and second, a planned sampling of ran- 
dom plots of the various species treatments to permit 
a later measurement of differences produced in those 
plots by the plants. The intrinsic differences in these 
two sampling purposes were harmonized in the de- 
i whieh is described in detail in the following 


sign 
paragraphs. 
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For the temporary descriptive soil analyses, each 
of the three sites was blocked off into the number and 
location of blocks which were considered conserv- 
atively necessary to allow for differences in soil type, 
slope and contouring treatments. This division re- 
sulted in 11 blocks on the Weller site, 8 on the bot- 
tomland site and 8 on the Lindley site. (See Fig. 4 
for the arrangement of these blocks.) For the de- 
scriptive analyses, composites were made from all 
samples taken within each block. 

For the long-range analyses of changes made in 
the soil by the various species, it was necessary to 
take into account the various treatments. Because of 
previous variance in treatment, the legume-grass mix- 
tures and fallowed plots (Treatment Y) and the plots 
planted to Lotus corniculatus in 1940 but to incom- 
plete replications of five other species in 1939 (Treat- 
ment Z) were omitted from the soil sampling design. 
Only 17 of the 19 treatments therefore were sampled. 
The sampling unit for the long-range analyses was 
thus the 19-plot replication of the 19 treatments. Ex- 
cept fora very few errors in planting, each of the 
17 sampled treatments was replicated once in a 
replication of 19 consecutively numbered plots. It was 
not believed necessary to sample more than 5 of the 
10 replications of the 17 treatments on the Weller 
site, more than 3 of the 10 replications on the bot- 
tomland site, or more than 4 of the 10 replications 
on the Lindley site. This made necessary a grouping 
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of the replications which was accomplished as fol- 
lows, taking into consideration the variation of each 
site in soil type, slope, and topsoil as shown by a 
surface soil survey. 

Weller site. Samples of each of the 17 sampled 
treatments were taken once within each of the fol- 
lowing five grouped replications: (1) replications 1 
and 2, (2) replications 3 and 4, (3) replications 5 
and 6, (4) replications 7 and 8, and (5) replications 
9 and 10. This ineluded 17 treatments x 5 sampled 
replications = 85 plots sampled. 

Bottomland site. Samples of each of the 17 sam- 
pled treatments were take once within each of the 
following three grouped replications: (1) replications 
1, 2 and 3, (2) replications 4, 5, 6 and 7, and (3) 
replications 8, 9 and 10. This included 17 treatments 
x 3 sampled replications = 51 plots sampled. 

Lindley site. Samples of each of the 17 sampled 
treatments were taken once within each of the fol- 
lowing four grouped replications: (1) replications 
1, 2 and 3, (2) replieations 4 and 5, (3) replications 
6 and 7, and (4) replications 8, 9 and 10. This in- 
cluded 17 treatments x 4 sampled replications = 68 
plots sampled. 

The sampled plots were first picked at random and 
then arbitrary reselections and substitutions of other 
plots were made where necessary to fulfill these three 
conditions: (1) to secure a reasonably good geo- 
graphic spread of sampling, (2) to obtain an approxi- 
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mately equal number of samples per sampling block, 
taking plot number per block into account, and (3) 
to avoid more than one sampling of the same treat- 
ment within a sampling block. These substitutions 
made necessary changes in 10 of 85 sampled plots on 
the Weller site, 4 of 51 plots on the bottomland site, 
and 5 of 68 plots ca the Lindley site. These were 
not considered important departures from completely 
randomized sampling. 

Plots were sampled at two depths, 0 to 6 inches 
and 6 to 18 inches. These arbitrary depths were 
selected instead of the more desirable sampling of 
profile horizons because it was necessary to avoid 
further increase in the already large number of anal- 
Sample borings were always made at approxi- 
mately the same location within plots, with respect 
to slope, as shown in Fig. 4. 

Equal volumes of each sample as measured with 
compactly filled 8-oz. tinned iron soil cans were 
mixed thoroughly to: make up the one composite sam- 
ple to be analyzed for each sampling block. 

Methods of chemical analysis were essentially those 
commonly used for soils, and in most eases were 
earried out in the laboratories of the Agronomy De- 
partment of Iowa State College, following the recom- 
mended techniques of that department. 

Organic carbon analyses were made by the dry com- 
bustion method, essentially that of the A. O. A. C. 
(1940). Carbonate carbon was not determined, as it 
was assumed to be negligible or absent in soils of the 
acidity range concerned. Organic nitrogen was deter- 
mined by the Gunning and Hibbard (A. O. A. C. 
1940) modification of the Kjeldahl method. Ammonia 
and nitrate nitrogen were presumed to be low in the 
usually well-drained soils under consideration, and 
samples were not analyzed for these fractions. 

Total base exchange capacity was determined by 
the ammonium acetate leaching method of Chapman 
and Kelley (1930), with distillation of ammonia di- 
rectly from the ammonium-saturated soil rather than 
from a leachate of dilute acid washing. Total ex- 
changeable bases were determined by the titration 
method of Williams (1929). Analyses for exchange- 
able calcium were made by the potassium perman- 
ganate-calecium oxalate titration method, using the 
same solutions with which total bases had been deter- 
mined. Analyses of pH were made with the glass 
electrode. 

Physical analyses of the soil, in addition to the 
soil moisture studies outlined in the preceding section, 
included moisture equivalent and permanent wilting 
percentage determinations of samples taken at the 0 
to 6 inch and 6 to 18 inch depths at the 6 moisture 
sampling stations. Besides these, the preliminary in- 
vestigation of water-stable aggregates and pore space 
run on certain plots of the same sites by Mr. Henry 
S. Ward, Jr., produced results of value to this study, 
and a portion of these are presented through his 
courtesy. 

The moisture equivalent determinations followed 
essentially the well-known technique of Briggs and 
McLane (1907). Permanent wilting percentages 
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(wilting coefficients) were found by 
(1940) sealed can modification of the Briggs and 
Shantz (1912) method. Dwarf sunflowers were used 
for the wilting determinations. Water-stable aggre- 
gates were determined by the Yoder (1936) method 
and porosity by the method of Baver (1933). 


Veihmever’s 


ESTIMATIONS OF PLANT RESPONSE 

The difficulty of measuring large numbers of plants 
in plots separated by considerable distances and 
within sufficiently short time intervals to be of most 
value for comparisons of species and sites was recog- 
nized at the outset of the experiments. This require- 
ment precluded the possibility of extensive use of the 
more exacting analyses of green weight, dry weight 
and chemical composition. It was well appreciated, 
however, that these more refined techniques are fully 
essential to the thorough interpretation cf plant re- 
sponse, and they were employed in selected cases for 
information supplementary to the broad field tests. 

A method of rapid field measurement was devised 
to permit quantitative expression of “cubie cover.” 
This single-value figure for individual milaere plots 
was caleulated by multiplying the total number of 
plants times the average height of 5 plants of semi- 
random selection times the average cross-section area 
of these same plants. Counting the number of plants 
per plot was of course the most time-consuming of 
the operations, but less so than might be assumed, 
since the plants were in rows. Heights and “average 
maximum diameters” were measured to the nearest 
quarter-inch, and average areas 
readily taken from specially prepared tables based on 


cross-section were 
circles of various diameters at quarter-inch intervals. 
The diameter measurements introduced some 
of personal interpretation, but reasonably good dupli- 
sates were obtained in test figures secured independ- 
ently by the three persons taking the measurements. 
That this type of estimation was highly accurate in 
consideration of the short time necessary for each 
measurement was shown in preliminary tests, in which 
a correlation coefficient greater than + .80 was ob- 
tained between rankings of plots ealeulated as “cubic 
cover” and those determined independently from eare- 
ful inspeetion by the three observers. 


errors 


Expression of vegetative cover as a single figure of 
volume has the advantages of being both quantitative 
and reproducible. By the technique described for 
these experiments, it is also rapid. However, it is 
subject to the criticism of failing to represent vegeta- 
tion in terms of density, or the degree of soil pro- 
tection. For example, a very large plant in one 
corner of an otherwise bare milacre plot might have 
equal or greater volume than the combined volume 
of a completely soil-concealing cover of many plants 
of lesser height well distributed throughout the plot. 
A single value volume figure may thus be misleading. 
On the other hand, the investigator who lacks experi- 
enee in analysis of herbaceous vegetation has great 
difficulty in obtaining reproducible density figures 
without intensive quadratting. A density concept based 
on thickness as well as area of cover seems most de- 
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sirable in a soil conservation study (Kramer and 
Weaver 1936), and has been secured here by convert- 
ing the volume measurements into percentages of the 
total cover which would be afforded by plants of the 
same average height. Rapid, convenient and defi- 
nitely quantitative field measurements are thus con- 
verted to density figures which have greater utility 
in species and site comparisons. 

It was preferable to estimate the growth response 
of a smaller number of plots within a relatively short 
sampling period than a larger number of plots dur- 
ing a longer sampling time. Since the species repli- 
cations were well distributed by randomization, it was 
sufficient for representative sampling in 1939 to sam- 
ple 3 of the 5 plots of each of the 2 groups, with 
nurse crop and without, arbitrarily choosing the first, 
third and fifth plots in the numerical sequence in each 
group. In 1940, the sampling program took into 
greater account the variation of each species within 
sites, and each 10-plot replication of each species was 
first grouped by independent rankings of two ob- 
servers, later harmonized if necessary, into the 3 best 
plots, the 3 poorest plots, and the 4 intermediate 
plots. From each of these 3 quality groups, one plot 
was further selected at random for counts and meas- 
urements. It was presumed that the 3 plots of each 
species or mixture thus selected would give a more 
accurate picture of plant response than would 3 plots 
chosen entirely at random. 

All green weights were determined in a central lab- 


TABLE 5. 
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oratory, but extreme care was provided to reduce 
evaporation to a minimum while samples were being 
collected and brought from the field. Oven-dry 
weights were determined by use of a ventilated elec- 
trie oven in which drying was done at about 105° C. 
Analyses of total nitrogen, caleium and phosphorus 
content of plant samples were run according to the 
outlines of Loomis and Shull (1937). Except where 
otherwise noted, all plant samples were collected in 
early morning. Qualitative tests for cyanogenetic 
glucosides were made by the sodium picrate method. 


HABITAT VARIABILITY 


MICROCLIMATE 

None of the three growing seasons 1939, 1940 or 
1941 had a “normal” distribution of precipitation. In 
total rainfall, 1939 was nearest the long-time average, 
but more than one-third of the precipitation, March 
to October inclusive, fell in the one month of August. 
More than 7 inches of this fell in 5 days, August 7 to 
11, inclusive. Except for April and August, the 1940 
precipitation was deficient in all months, September 
being especially dry. In 1941, precipitation of the 
months Mareh to August, inclusive, was considerably 
below average, but rain was excessive in September 
and October. 

Temperature departures from normal were not 
great in 1939, except during July, which averaged 3 
degrees above the long-time average. Mean monthly 
temperatures of July 1940 were also much above nor- 


Comparative daily maximum air temperature, minimum air temperature, maximum soil temperature, 


evaporation, relative humidity and wind velocity data for the three experimental legume sites during the period 
July 25 to July 31, the week of most unfavorable climatic conditions of the 1941 growing season. 





Maximum Arr TEMPERATURE 


Minimum Air TEMPERATURE 


MaximvoM Soi, TEMPERATURE 














Date — — $$ | --— |--—__ ,-——_--—- 
Weller | Bottom- | Lindley | Weller | Bottom- Lindley Weller Bottom- | Lindley 
site | landsite | site | site | land site site site land site site 
; ieee I 6 (Ue | i (ioe °F °F °F 
OS le 103 105 108 | 66 62 65 100 101 100 
Sl aaeee | 100 | 100 105 66 63 65 102 102 102 
ER Oise és 101 | 99 105} 68 | 66 68 100 102 101 
=a 104 104 108 | 72 | 69 (3 106 106 106 
> aaa 107 106 110 | 76 70 75 108 108 108 
A) er 98 97 100 | 71 70 71 106 103 105 
| ee 102 98 103 73 71 | 72 107 104 106 
OS ree 102 101 106 70 67 70 104 104 104 
| Totar Darty Porous Cup | Mean Retative Humipiry, 
EVAPORATION 2 AND 4 P. M. Mean Winp VE ocity' 
Date ene a -- 
| Weller | Bottom- | Lindley Weller Bottom- Lindley Weller Lindley 
site land site | site site | land site site site site 
| ec | ce. ce. percent percent percent m.p.h m.p.h. 
i ree 37 | 38 46 60.5 59.0 55.5 A 1.9 
SARS | 35 32 42 53.0 53.5 45.5 2.6 1.8 
Lo, (ee a 46 34 51 52.0 | 54.5 47.0 3.6 Be 
cee £9 45 71 | 49.0 | 51.0 44.5 5.5 2.4 
A ere 61 49 73 | 46.5 | 47.0 42.5 4.0 2.5 
> 38 28 42 | 54.0 | 86.5 49.5 1.9 1.3 
<fo2 | See aR ORE 42 | 34 49 | 470 | 47.0 40.0 1.5 Li 
ee 45 | 37 53 | $1.56 | 62.5 46.5 Be 1.9 





1 Wind veloc’ty not determined for Bottomland site. 
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Fic. 5. Mean maximum air temperature, mean min- 

imum air temperature and mean maximum soil temper- 

ature for the approximate 10-week period, June 29 to 

September 4, 1941, on the three experimental legume 
sites. 


























mal, averaging 6.4 degrees above the 22-year mean. 
The year 1941 was abnormally warm throughout, 
August 1941 being 3.6 degrees higher than the long- 
time average. Late July and early August were espe- 
cially hot, as shown in Table 5 and Fig. 5. 

During the 1941 season, weather stations were set 


up on each of the experimental legume sites. Loea- 
tions of these stations are shown in Fig. 3. Compar- 


ative data of mean daily porous-cup evaporation, 
mean relative humidity for the 2 and 4 p.m. readings, 
and mean wind velocity are presented in Fig. 6 for 
the approximate 10-week period, June 29 to Septem- 
ber 4, inclusive. During most of this period, evapora- 
tion was lowest on the bottomland site, highest on 
the Lindley site and intermediate on the Weller site. 
Relative humidity data were comparable, with the 
Lindley site consistently lower than the Weller site 
in this measurement. During most weeks, the low- 
land site had the highest relative humidity. Wind 
velocity was not measured in 1941 on the bottomland 
site, but of the two upland sites, the Weller area gave 
consistently higher wind readings, resulting from 
greater exposure to wind from south and west. Read- 
ings taken with a hand anemometer at intervals in 
August and September of 1940 had shown the Weller 
site always to have greater average wind velocity than 
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the bottomland site, the smallest recorded difference 
being 0.5 mile per hour and the largest 3.4 miles per 
hour. 

Comparative data of daily maximum and minimum 
air temperatures and maximum soil temperatures are 
given in Fig. 5. The temperature differences of the 
microclimate of the three sites are less distinet than 
are the differences of wind and atmospheric moisture. 
During the last 7 weeks of the period shown in Fig. 
5, the Lindley site had higher mean maximum air 
temperatures than did the Weller site. This was par- 
ticularly true during the period July 18 to August 14, 
when temperatures were highest. Mean minimum tem- 
peratures, on the other hand, were always lower on 
the Lindley than on the Weller site. During the 
period June 29 to August 7, mean maximum soil tem- 
peratures were consistently higher on the Weller than 
on the Lindley site, but during the remainder of the 
period to September 4, the reverse was true. The 
reason for this shift was not established. 

Site differences in microclimate will be most clear 
from inspection of Table which shows the com- 
parative data of evaporation, relative humidity, wind 
velocity, maximum and minimum air temperature and 
maximum soil temperature for the week of July 25 
to 31, 1941. From this table, it will be seen that 
totai daily porous eup evaporation on the Lindley site 
ranged from 42 to 71 ee. during this week of high 
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Fie. 6. Mean daily evaporation, mean relative humid- 
ity (2 and 4 p.m.) and mean wind velocity for the 
approximate 10-week period, June 29 to September 4, 
1941, on the three experimental legume sites. 
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evaporation stress, while compzrable figures for the the surface soil in this relatively immature soil is not 
Weller and bottomland sites were 35 to 61 ce. and 32 sharply differentiated from lower horizons. The up- 
to 49 ce. respectively. The average difference in the per rows of plots on this site had varying amounts of 
daily maximum air temperatures between the Lindley deposit of overwash material from an adjacent slope 
and Weller sites during this week was 4.0° F., the of badly eroded Lindley loam, as shown by the num- 
Lindley site being the higher. The days of July 28 bers in parentheses in Table 6 and Fig. 2. 
and July 29 offered probably the most severe condi- Water-stable aggregates and porosity. Through the 
tions for plant growth during the summer of 1941, courtesy of Mr. Henry S. Ward, Jr., who is studying 
since high air and soil temperatures, relatively high the effect of different leguminous species upon soil 
wind velocity and low relative humidity occurred structure on the same sites, data of porosity and 
together. water-stable structure from bare areas of the three 
PHYSICAL PROPERTIES OF SOIL sites are presented. Table 6 shows the soil of the 
The extreme variability of the experimental legume bottomland site to be best aggregated of the three 
sites was not fully appreciated at the outset. How- sites, with the W eller silt loam most poorly aggre- 
ever, the randomization of locations of the plots for gated and the Lindley loam intermediate. Difference 
each species treatment and the sampling design for '™ aggregation between the two upland sites is quite 
the compositing of soil for chemical analyses were *PpParent from the relatively much smaller fraction 
such that measurement of soil differences within sites f the total aggregates which was included in the 
was not difficult. In several cases, these differences STeater than 0.25 mm. diameter class on the Weller 
within sites were much greater than the mean differ- than on the Lindley site. Porosity measurements 
ences between sites. Certain physical properties are WeTe made only on the Weller site, but are included 
shown in Table 6. for reference. Capillary pore space ranged from 
Depth of topsoil. One physical property eonsid- 33.9 to 41.4 percent, and non-eapillary pore space of 
ered important for measurement was the depth of soil from the same plots from 11.7 to 20.2 percent, 
remaining topsoil. Both the Weller and Lindley sites indicating the wide departure of the Weller soil from 
had been greatly eroded, and certain areas on each the ideal proportion of about equal capillary and non- 
site had had nearly all topsoil removed. “Topsoil eapillary pore space (Baver 1940). 
depths” presented in Table 6 and Fig. 2 are approxi- Soil moisture. Since soil moisture was expected to 
mations and in many eases probably represent thick- be a critical factor in plant establishment and growth 
ness of erosion-deposited darker colored materials. et certain periods on both the Weller and Lindley 
Table 6 and. Fig. 2 show that the Weller silt loam site sites, two soil moisture sampling stations were set up 
had been most seriously eroded, the southwest corner on each of these areas as well as on the bottomland 
of this site being particularly devoid of topsoil. How- site. For each site, the 2 sampling stations were 
ever, there had been considerable mixing of the sur- chosen to represent moderate extremes of soil mois- 
face soil with cultivation of the Lindley loam site, and ture conditions for the particular habitat, thus per- 
some of the topsoil figures for this site probably in- mitting measurement of the probable range of soil 
clude mixed A and B horizons. The bottomland site moisture values for the site. Table 7 presents the 
showed more evidence of deposit than of erosion, and mean soil moisture differences of the three legume 


TABLE 6. Average topsoil depth, percent aggregates greater than 0.25 mm, and percent capillary pore space 
of the sampling blocks from which composited soil samples for chemical analyses were taken in the Weller silt 
loam, Bottomland and Lindley loam legume sites. The soil in the Bottomland site is an immature alluvium related 
to Ray fine sandy loam. 





WELLER Si1Lt Loam SITE BoTTOMLAND SITE LINDLEY Loam SITE 











Topsoil | Percent | Capillary | Topsoil Percent Topsoil |; Percent 
depth to | aggregates pore | depth to | aggregates depth to | aggregates 
Sampling nearest greater | space | Sampling nearest greater Sampling nearest | greater 
block half inch |than .25 mm]! (percent) | block half inch jthan .25mm)|__ block half inch |then .25 mm 
| | 
W-l | 8.0 — —_ B-1 10.5 - L-1 | 5.0 | 38.9 
W-2 4.0 14.0 39.3 B-2 11.5 33.4 L-2 4.0 39.2 
w-3 3.5 16.1 41.3 B-3 12.0 28.3 L-3 3.0 44.9 
w4 4.0 — _ B-4 11.0*(0.5) | - L4 3.0 — 
W-5 3.5 me ) faa 4 B-5 10.5*(2.0) | 50.1 L-5 5.0 41.6 
Ww 4.0 19.2 |; 40.6 | B-6 10.0*(2.0) | 45.1 L-6 3.5 23.8 
W-7 4.0 16.5 41.4 B-7 | 9.0*(3.5) | 46.8 L-7 5.0 33.8 
W-8 1.5 28.9 33.9 | B-8 9.0*(3.5) | — L-8 6.0 36.2 
w-9 1.5 23.4 35.3 
W-10 4.0 — — 
W-11 2.5 - — 
! 
Means... 3.7 19.3 39.0 | , 10.4 40.7 sy 4.3 \: 3.9 


* Figures in parentheses represent overwash deposits 
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sites in 1939 and 1940 as measured by season averages 
of the 2 stations on each site. The obvious difference 
in. soil moisture conditions of the two years is shown 
in the great increase in moisture in 1940 in the upper 
36 inches of soil of both of the upland sites as com- 
pared to the bottomland site. These results are par- 
ticularly significant because precipitation was less in 
1940 than in 1939. The buildup of soil moisture in 
the upper layers of soil in 1940 was attributed to a 
greater amount of water held on the slopes by the 
furrows and by the increased vegetative cover. 


TABLE 7. Mean positive differences in total soil mois- 
ture percentages at seven depths between the Weller silt 
loam, Bottomland and Lindley loam legume sites (aver- 
ages of upper and lower moisture sampling stations on 
each site). June 2 to November 29, 1939 and June 6 
to November 5, 1940. 





MEAN DIFFERENCE MEAN DIFFERENCE MEAN DIFFERENCE 


BreTWEEN BETWEEN BETWEEN 
Depth [Sigh COS ar Sy is a % ; ee 
of Weller | Bottom- Weller Lindley Bottom- | Lindley 

sample site | landsite | site site land site | site 

— | 
June 2 - November 29, 1939 

0- 6”... | 0.18 1.92 2.10 

6-12” | 0.53 0.5: | 0.02 
12-24” | 1.09 4.08** | ‘ | 2.99** 
24-36” | 1.85°* | ; ia 0.11 
36-48” | 1.76%* 1.65** 3.41** 
48-60". . , 0.80* 3.06** 3.86%" | 
60-72”. . : 0.54 4.03** ee eal | 

June 6 - November 5, 1940 

0- 6” 0.50 | << | oe ae | 0.29 

6-12” 2.34* +31" 3.56** 
ier’..) $.87°* 4.83** La 
24-36”. . 0.83 3.83°* 4.66** 
36-48”. . 0.61 | A 1.27 | 0.65 
48-60" . 0.98 0.34 | 1.32 
60-72” - 0.89 1.83 | YS ee 


* Significant. ** Highly significant. 

As it is not total soil moisture, but available mois- 
ture which is of importance to plant development, 
analyses of samples from each of the 6 legume mois- 
ture sampling stations for permanent. wilting pereent- 
age were made. Using these permanent wilting per- 
centage determinations as a basis for calculations of 
available soil moisture by subtraction from total soil 
moisture data, the results presented in Fig. 7 for 
1939 and Fig. 8 for 1940 were obtained. 

In most cases sample borings for soil moisture 
determinations were made within a 1- to 3-day period 
for all of the legume sites without intervening pre- 
cipitation, However, for the first reading in June 
1940, the high relative values for the bottomland and 
Lindley sites are the result of precipitation which 
fell between the dates of sampling the Weller site 
and these sites. Since these records are not continu- 
cus but taken at about twice monthly intervals, they 
do not give a complete picture of the duration of 
periods of abundant and deficient moisture. Never- 
theless, for purposes of eomparison between sites of 
soil moisture at the same depth, they may be used 
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0-6 and 6-18 inch depths on the three experimental 
legume sites, June-October, 1939. 
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0-6 and 6-18 inch depths on the three experimental 
legume sites, June-October, 1940. 
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for habitat differentiation. Soil moisture under south- 
eastern Iowa conditions is seldom limiting before late 
June or July, and was adequate during spring and 
early summer of 1939, 1940 and 1941. Later in the 
summer, water often is a critical edaphic factor, and 
Figs. 7 and 8 show that in the 0-6 inch layer of the 
Lindley site, soil moisture contents below the wilting 
point occurred at least once in July in both 1939 
and 1940. Near wilting conditions no doubt occurred 
on the Weller site at the same times. However, data 
in Figs. 7 and 8 may probably be interpreted to indi- 
cate that except for the periods in July indicated, 
soil moisture was not a serious limiting growth fac- 
tor, with the exception of short periods of high evap- 
oration stress, though these brief periods may have 
been of sufficient intensity to affect the species di- 
versely in growth-differentiation balance. 
CHEMICAL PROPERTIES OF SOIL 

An extensive soil analysis program of composited 
samples from the sampling blocks shown in Fig. 4 
was begun in the late summer of 1940. Deter- 
minations were made of organic matter content as 
represented by total nitrogen and total carbon, of 
base-exchange qualities, as represented by total base- 
exchange capacity, percentage base saturation, total 
exchangeable bases and exchangeable calcium, and of 
pH. Results of these analyses, in which extreme 


but rather consistent variations within sites were 


found, are presented in Figs. 9, 10, and 11. 


Se 


oN 











Fig. 9. Scale showing the maximum range of values 
found in soil samples from the three experimental legume 
sites analyzed for percentage of carbon, percentage of 
nitrogen, exchangeable calcium, total exchangeable hases, 
pH, and percentage of base saturation. Refer to Figs. 
10 and 11 for results of analyses for individual sampling 
blocks, 


It is believed that Figs. 10 and 11 mark the first 
reported use of graphing of soil qualities in the 
polygonal form (Hutchinson 1940) which permits 
simultaneous representation of variation in several 
factors. Because of its employment in this new con- 
nection, the polygonal graph as here used is described 
in the following paragraph. 

An equilateral polygon is constructed with radii 
equal in number to the variables to be plotted. 
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Within this polygon is drawn a small concentric 
equilateral polygon whose radii are concurrent with 
those of the large outer polygon. The radial dis- 
tances from the perimeter of the inner polygon to 
the perimeter of the outer polygon are divided into 
appropriate units to cover the entire range of values 
of each variable as found in the experiments (Fig. 
9). In plotting experimental data, the point of in- 
tersection of the perimeter of the inner polygon with 
a radius equals the smallest value observed for a 
particular variable, with larger values plotted out- 
ward along the radius and the largest value plotted 
at the intersection of the radius with the perimeter 
of the outer polygon. Similar graphing of the other 
variables is made. When the plotted points of the 
variables are connected, the resulting irregular poly- 
gon measures the simultaneous variation of the sev- 
eral properties which were investigated. Relative 
areas of these polygons therefore indicate in general 
the comparative integrated qualities of the larger 
units whose components were measured. When in- 
crease in all variables, within. their observed range, 
is considered favorable to plant growth, as was be- 
lieved true with the soil properties for the 0-6 and 
6-18 inch depths plotted in Figs. 10 and 11, increased 
polygonal area is a definite measure of more favor- 
able habitat conditions. The small inner polygon is 
used merely to give greater symmetry to the plotted 
polygons. Its area, although a constant, is not to be 
included in comparing areas of the plotted polygons, 
since it represents a varying percentage of the total. 
Inspection of Figs. 10 and 11 shows very graph- 
ically the differences within and between sites in soil 
chemical properties at the 0-6 inch and 6-18 inch 
depths. The seale (Fig. 9) for graphs of both depths 
is plotted in equal units to permit comparison of 
differences between sampling blocks at the same 
depth as well as differences betwen depths. It will 
be noted that in chemical properties, exclusive of 
available soil moisture and other physical qualities, 
the bottomland site was generally the most favorable 
habitat with the Weller site the poorest and the 
Lindley site intermediate. This relation is partic- 
ularly true at the 6-18 inch depth, where most of the 
sampling blocks on the bottomland site have better 
chemical qualities than do several of the Weller site 
sampling blocks at the 0-6 inch depth. A site quality 
index ealeulated by taking the weighted mean of the 
six properties (earbon, nitrogen, exchangeable cal- 
cum, total exchangeable bases, pH and percentage 
base saturation) for each sampling block showed a 
ecrrelation with plant response which was highly sig- 
nificant statistically, although some of the component 
individual properties themselves were not significantly 
correlated with growth, as was similarly shown by 
Kittredge (1938) in a study of natural vegetation. 
Total carbon content of soil. ,The percentage of 
total earbon on an oven-dry basis showed extreme 
variation within sites but in most cases less variation 
between sites. The analyses showed carbon content 
at the 0-6 inch depth varied from 0.75 pereent to 
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Fig. 10. Percentage of carbon, percentage of nitrogen, exchangeable calcium, total exchangeable bases, pH, and 
percentage of base saturation of the soil sampling blocks of the experimental legume sites, 0-6 inch depth. 
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Fig. 11. Percentage of carbon, percentage of nitrogen, exchangeable calcium, total exchangeable bases, pH, and 
percentage of base saturation of the soil sampling blocks of the experimental legume sites, 6-18 inch depth. 
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1.57 percent in the Weller site, from 0.88 to 1.58 
percent in the bottomland site, and from 0.86 to 1.11 
percent in the Lindley site. At the 6-18 inch depth, 
analyses showed the ranges to be 0.58 to 0.82 percent 
in the Weller site, 1.10 to 1.58 percent in the bot- 
tomland site and 0.41 to 0.84 percent in the Lindley 
site. Variation within sites was highly significant 
statistically in all cases. In the comparison between 
sites, there was no significant difference in the carbon 
content of the 0-6 inch layers. At the 6-18 inch 
level, the carbon content differences between the 
Weller and bottomland sites and between the Lindley 
and bottomland sites, were highly significant. Organic 
matter, as measured by carbon, was not significantly 
different in the 6-18 inch layers of the two upland 
sites. There was also no significant difference in 
carbon between the 0-6 inch and 6-18 inch layers of 
soil in the bottomland site. Both of the upland sites 
showed the expected significantly higher content of 
carbon in the surface Jayer than in the 6-18 inch 
layer. 

Total nitrogen content of soil. The nitrogen con- 
tents of composited soil samples from the sampling 
blocks on the three sites showed much the same rela- 
tions as did the carbon contents, as would be ex- 
pected. Analyses showed that total nitrogen at the 
0-6 inch depth ranged from 0.07 percent to 0.14 per- 
cent in the Weller site, from 0.08 to 0.13 in the 
hottomland site and from 0.07 to 0.12 in the Lindley 
site. At the 6-18 inch depth, the ranges were found 
to be from 0.04 to 0.07 percent in the Weller site, 
from 0.08 to 0.13 in the bottomland site, and from 
0.04 to 0.07 in the Lindley site. The same relations 
of statistical significance of differences within sites 
and between sites as for carbon content also held for 
nitrogen. 

Total base exchange capacity. The Weller silt loam 
site showed both higher and lower total base exchange 
capacity extremes than did either of the other two 
sites. In the 0-6 inch layer of the Weller site the 
range of values was from 6.11 to 16.92 mg.e./100 gm., 
while for the same layer on the bottomland site the 
range was from 9.31 to 15.81 mg.e., and on the Lind- 
ley site from 6.96 to 14.98 mg.e. Except for the 
badly eroded southwest corner of the Weller site, 
where exchange capacity was very low, most of the 
sampling blocks on this site were higher in base ex- 
change capacity on the average than were the sam- 
pling areas of the other sites. It was shown above 
that the Weller site at the outset of the experiments 
was poorest of the three sites in water-stable soil 
structure. It should be noted, however, that high base 
exchange capacity may represent high potential strue- 
ture producing ability. The Weller site may there- 
fore be expected to show greater response than the 
other two sites to the soil structure forming action 
of the leguminous vegetative cover. 

At the 6-18 inch depth the same relations held, with 
the Weller, Lindley and bottomland sites ranking in 
that order in total base exchange capacity. The 
range of values for the Weller site was from 7.73 
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to 24.57 mg.e., for the bottomland site from 10.61 to 
14.62 mg.e. and for the Lindley site from 9.11 to 
19.77 mg.e. 

pH. The recent liming treatments of the Lindley 
and bottomland sites produced the expected higher 
pH values on these areas than on the Weller site. 
Analyses showed the pH range for the 0-6 inch layer 
of the Weller site to be from 4.85 to 5.35 as compared 
to a range of from 5.19 to 5.93 on the bottomland 
site and from 5.40 to 6.21 on the Lindley site. The 
amount of lime added had been too small to raise the 
pH of the 6-18 inch depth of the Lindley soil, as 
indicated in its range of from pH 4.46 to 4.73 in 
comparison to the range of from pH 4.41 to 4.72 in 
the same layer of the unlimed Weller site. The range 
of pH values for the 6-18 inch layer of the bottom- 
land site was from pH 5.02 to 5.22. 

Percentage of base saturation. Lower initial ex- 
change capacity and the liming treatment gave the 
Lindley and bottomland sites a higher total degree 
of saturation with bases, as would be anticipated. 
The ranges of percentage of base saturation at the 
0-6 inch level were from 53.8 percent to 75.0 percent 
in the Weller site, from 79.8 to 93.0 percent on the 
bottomland site, and from 89.1 to 95.2 percent on the 
Lindley site. Similar relative ranges were determined 
for the 6-18 inch layer, where the Weller site had a 
range of values from 50.0 to 73.3 percent, the bottom- 
land from 69.6 to 88.4 percent, and the Lindley from 
53.8 to 78.9 percent. Correlation between base satu- 
ration and pH was not good, but these inconsistencies 
can probably be partially attributed to relative 
strengths of soil acids. 

Total exchangeable bases. In total bases of the 
0-6 inch layer, the Lindley site was generally highest 
with a range of values from 6.42 to 14.15 mg.e./100 
gm. The Weller site was lowest with values ranging 
from 4.34 to 10.79 mg.e., and the bottomland site 
intermediate with a range from 7.48 to 13.14 mg.e. 
The two upland sites were not significantly different 
in total bases at the 6-18 inch level, with a range from 
5.06 to 15.73 mg.e. in the Weller site and from 5.41 
to 14.79 mg.e. in the Lindley site. The bottomland 
had a smaller range of figures for total bases, vary- 
ing from 7.11 to 11.52 mg.e. 

Exchangeable calcium. Recent studies of Albrecht 
(1944) and his co-workers have demonstrated the 
great importance of exchangeable calcium in the 
nutrition of legumes. Analysis of composited samples 
taken from the soil sampling blocks of the three sites 
showed much variation in this factor both within and 
between sites. The unlimed Weller site had the low- 
est range of values, varying from 3.78 to 7.54 
mg.e./100 gm. in the 0-6 inch layer and 3.55 to 10.13 
mg.e. at the 6-18 inch depth. Exchangeable calcium 
was highest in the Lindley site, ranging from 5.65 
to 11.72 mg.e. in the 0-6 inch layer and from 3.78 to 
9.54 mg.e. in the 6-18 inch layer. The range in val- 
ues for exchangeable calcium in the bottomland site 
was from 5.16 to 9.73 mg.e. in the surface layer and 
from 5.68 to 9.79 mg.e. in the 6-18 inch layer. 
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ESTABLISHMENT AND GROWTH 
OF SPECIES 


GERMINATION 


RESPONSE 


Actual germination counts were not made in either 
1939 or 1940. However, it was observed that germina- 
tion on the two upland sites in both years was con- 
siderably less than in the lowland site and_ that 
germination was particularly poor both years in the 
areas approximately represented in Fig. 4 by sam- 
pling blocks L-3 and L-4 on the Lindley site and by 
blocks W-2 and W-8 on the Weller site. Poor 
germination in these areas was interpreted as being 
the result of unfavorable soil moisture relations which 
were caused by the rather heavy textured surface soil 
of sampling blocks W-2, L-3 and L-4 and by a quite 
sandy surface layer much subject to erosion in block 
W-8. 

NUMBER, SIZE AND GrowTH Habit OF 
MATURE PLANTS 

The use of a nurse crop of oats, rye or other grass 
species or, more recently, of flax for spring-planted 
legumes has usually been recommended in Iowa both 
as a means of protecting the young legume plants 
from weed competitors and of reducing exposure to 
unfavorable atmospheric conditions of humidity and 
temperature. Following this general recommenda- 
tion, all of the leguminous species planted in complete 
replications in late April and early May of 1939 
were planted with a nurse crop of rye. As a check 
on the effectiveness of this nurse crop, half of the 10 
plots of each complete replication were planted with 
the nurse crop and half without, the same amount of 
legume seed being planted in each ease. 

Under the conditions of the spring of 1939, when 
precipitation was normal in April but 3.0 inches be- 
low the long-term range of 5.09 inches for May, it 
was found that the nurse crop had a decided retard- 
ing effect upon growth. Stoddart (1946) has re- 
ported similar results with grass seedlings. As soon 
as it was obvious that leaving the nurse crop would 
endanger establishment of the voung legume seed- 
lings, all rye plants were weeded out of the plots. 
However, the effect of the nurse remained 
throughout the rest of the year as shown in Table 8 
and Fig. 12. When measured in late August, only 
two of the 17 pure-stand and mixed planting treat- 
ments showed a mean greater yield for all sites in the 
plots with the nurse crop than in those planted alone. 
These species were Cassia fasciculata and Lespedeza 
stipulacea. The average density of cover per milacre 
plot for all species was reduced by 45 percent and 
the percentage reduction was much greater with some 
species, as for instance with Lotus corniculatus, in 
which average density per milacre plot was reduced 
by 89 percent. Most of the reduction of volume cover 
resulting from use of the nurse crop was attributed 
to a smaller number of plants per plot, though de- 
creased size also was instrumental in the yield re- 
duction. The reduction of number of plants was 
greater with the perennial than with the annual and 
biennial species. It was also apparent that in the 
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TABLE 8. Percentage reduction in volume of cover of 
17 pure-stand and mixed plantings of 16 species and 
agronomic selections of legumes resulting from compe- 
tition with a rye nurse crop on the Weller silt loam, 
Bottomland and Lindley loam experimental plots, 1939. 





SITE 
Species Mean 
Bottom-, Lind- 
Weller land ley 

Lespedeza stipulacea +125 52 +142 +72 
Cassia fasciculata 39 +64 +60 +28 
Vicia villosa 23 95 +105 4 
Annual-biennial mixture 28 18 46 31 
Lespedeza sericea. 44 47 2 31 
Trifolium pratense (Eppert 

strain). 28 55 35 39 
Desmanthus illinoensis 98 +32 &3 50 
Melilotus alba (Melana 

strain). . . 89 15 55 53 
Lespedeza capitata 55 *92 38 62 
Perennial mixture . 91 41 61 4 
Melilotus alba (Alpha 

strain). . 96 51 69 72 
Lespedeza virginica 92 94 72 86 
Lotus corniculatus 94 92 80 &9 
Lotus uliginosus ; 99 85 . 92 
Lupinus angustifolius . . . 95 95 <9 95 

Mean percentages. . 56 49 18 45 


* Indicates nearly complete stand failure in plots both with and without 
nurse crop. 





Fig, 12. 
rye (upper) and without nurse crop (lower), shows 
residual effects of competition two months after the rye 
had been removed. 


Lespedeza sericea, grown with nurse crop of 


bottomland site, in which water relations were more 
favorable, the reduction in plant numbers in gen- 
eral was smaller. From these results it was decided 
not to use a nurse crop for the species planted for 
the first time in the spring of 1940. 

The yields of the various species planted alone 
and in mixtures were quite variable in quantity as 
measured by volume and density of cover. The orig- 
inal design of plot arrangement was of a randomized 
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block pattern. This design was used to permit deter- 
mination of whether variation in species was greater 
than could be explained in the heterogeneity of soil. 
Although soil variation was shown to be extreme, the 
differences between species as seen in Tables 8 and 9 
were also great, and it was not necessary to make 
statistical analysis of variance of species response. 
Certain of the species were definitely unsuited to the 
habitat conditions of the experiment, and differences 
in those which showed promise of adaptability were 
clear-cut. 2 

Table 9 shows the average density of random plots 
of the experimental species on the three sites in late 
summer of 1939 and 1940. The annual and biennial 
species Cassia fasciculata, Lupinus angustifolius, and 
Melilotus alba, and one perennial species Oxytropis 
tenella were eliminated from the experiments at the 
close of the 1939 season to make room for more 
desirable perennial species. These latter included 
Coronilla varia, Desmodium spp., Lathyrus venosus 
var. intonsus, Lespedeza violacea, a new series of 
plots of Lotus corniculatus and a new perennial mix- 
ture consisting of Lotus corniculatus, Desmodium spp. 
and Lespedeza virginica. 

Inspection of Table 9 demonstrates two chief 
points: (1) the large differences in yield both be- 


TABLE 9. Percentage cover’ of experimental legumi- 
nous species on the Weller silt loam, Bottomland and 
Lindley loam sites, at comparable sampling dates in 
late August 1939 and early September 1940. 








Site 

Species Weller Bottomland| Lindley Mean 

ee TST eee, ae en 

| 1939 | 1940 | 1939 | 1940 | 1939 | 1940 | 1939 | 1940 
Cassia fasciculata ei} —- feo) — | 65 | — | 62 | - 
Coronilla varia? }— 4 _ 7 -—- | 2,/- 4 
Desmanthus illinoensis 117 |36 | 9 | 90 | 24 57 | 17 | 61 
Desmodium spp.” ae a Se — Ss 

Lathyrus venosus var. | 

intonsus? ~ 3 = a 1 _ 2 


Lespedeza capitata 18 | 22 | 42 1 6 10 | 22 


‘ | 
Lespedeza latissima 1 36 1—| 71 t—1'a3 1—| 49 
Lespedeza sericea 3 |100 | 1 |100 | 1—| 95 2 | 98 
Lespedeza stipulacea | 11 |100 |100 (100 | 6 1100 | 39 |100 
Lespedeza violacea? ~ 1-| - 1]/-— | 1-|- 1— 
Lespedeza virginica | 5 |29 | 11 | 45 tae 6 | 30 
Lotus corniculatus 67 |100 14/100 10 (100 30 (100 
Lotus corniculatus? — |100 — |100 | — {100 — (100 
Lotus uliginosus 42 71 1—| 23 0 | 34 14 43 
Lupinus anqustifolius 1 - 1-| - 1-| - 1-| - 
Melilotus alba (Alpha strain) .| 31 — |100 = 37 oo 56 = 
Melilotus alba (Melana strain) | 45 — (100 - 53 _ 66 = 
Oxytropis tenella I-| - I1-| — i—| — i-| - 


Trifolium pratense (Eppert 


strain)? - 6 76 «| 34 - 3 25 14 | 51 
Vicia villosa 9 96 | 31 |100 1 51 14 82 
Annual-biennial mixture 85 (100 100 (100 | 65 (100 | 83 100 
Perennial mixture No. | 76 (100 | 35 (100 | 11 | 58 | 41 86 
Perennial mixture No. 22 — |100 — (100 — |100 — /|100 

Mean percentages 28 60 | 37 65 17 52 27 59 


1 Average of three milacre plots planted without nurse crop. Cover was first 
calculated as volume in cubic inches and is here expressed as a percentage of the 
volume of a complete soil concealing cover for plants of the same average height. 

2Planted in the spring of 1940. 

3Bottomland plots were defoliated by rabbits in 1940. 
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tween species and between sites and (2) the great 
increase in average plant cover during the year, re- 
sulting both from the improvement in the self-reseeded 
Lespedeza stipulacea and from additional growth of 
the perennial species. Also of interest is the much 
better first-season establishment of Lotus corniculatus 
in 1940 than in 1939, particularly on the bottomland 
and Lindley sites, in spite of less precipitation in 
1940 than in 1939. 

Many of the density values of Table 9 which show 
a complete cover of 100 percent actually represent a 
heavier vegetative cover than is indicated by a “100 
percent density” when this figure defines only a cover 
which completely conceals the soil from overhead 
observation. 

Tables 10 and 11 present comparative size data for 
the experimental species on the three sites in 1939 
and 1940. The average total height, average “maxi- 
mum” diameter, and average height to first living 
branch or leaf are shown. The latter measurement 
was taken to obtain a picture of the soil-conserving 
qualities of the individual species at the ground line, 
where erosion is critical. Most of the experimental 
species are branched close to the ground, but com- 
parison of branching of these mat-forming species, 
such as the decumbent selection of Lotus corniculatus 
used in the experiments, with that of a species such 
as Lupinus angustifolius whose soil-surface protection 
is low demonstrates the differences between species in 
this important criterion of the plant habit. 

Comparison of the data in Tables 10 and 11 shows 
that species in the lowland site were generally larger 
than on the upland sites. The great average size in- 
crease in perennials during the year is noticeable, as 
for example with Lespedeza capitata, whose height 
was inereased five-fold and Lespedeza sericea whose 
height was tripled. All species used in the plot ex- 
periments are herbaceous, so that the measured shoot 
growth for both 1939 and 1940 represents only each 
season’s development. From these data, the general 
growth habit of the various species may be expressed 
in terms of differences between species as well as in 
variation of the same species in response to environ- 
ment. For example, the tall, slender growth of 
Lespedeza capitata is shown in its average height of 
21.7 inches and lateral spread of only 3.0 inches on 
the Weller site, 1940, as compared to similar height 
and diameter measurements for the same year of 26.4 
and 5.3 inches respectively on the bottomland site and 
23.9 and 4.5 inches on the Lindley site. 

One result of the legume experiments which was 
apparent early in the investigation was the advan- 
tage of utilization of mixtures. It was also obvious, 
however, that competition between species eliminated 
or greatly reduced certain of the species while others 
thrived, resulting in a change in mixture composition. 
This is illustrated in Table 12, in which Melilotus spp. 
had been completely eliminated on the Weller site 
from the mixed plots selected at random for measure- 
ment. Certain other plots of this annual-biennial 
mixture contained some sweetclover, but it was greatly 
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Relative sizes of random plants’ of the experimental leguminous species on the three sites, 1939. 





WELLER Sit Loam SITE 


BoTTOMLAND SITE 


LinpLey Loam SITE 


Average 


height 
Species to first 
Average living 
Average maximum) branch 
height | diameter | or leaf 
(in.) (in.) (in.) 
Cassia fasciculata ..... sat SD 11.8 0.1 
Cassia occidentalis......... -- 
Desmanthus illinoensis..... . 6.3 4.5 0.9 
Desmodium canadense sei ae | 0 
Lathyrus tingitanus....... - . ~ 
Lespedeza capitata.......... 4.0 - 0.5 
Lespedeza latissima........ 2.0 1.3 0 
Lespedeza sericea........... 6.1 1.4 0.1 
Lespedeza stipulacea........ | oe 3.5 0 
Lespedeza virginica........ 3.4 1.5 0.3 
Lotus corniculatus.......... | ar 3.8 0.1 
Lotus uliginosus........... 3.0 3.1 0 
Lupinus angustifolius...... 9.5 2.1 3.2 
Melilotus alba (Alpha)...... 8.0 4.3 0.3 
Melilotus alba (Melana). . 10.3 5.0 0 
Psoralea tenuiflora..........; 2.0 0.1 0 
Strophostyles helvola........ 6.0 16.1 0.6 
Trifolium pratense (Eppert) . 2.4 1.9 0 
ot are 2.1 6.1 0 


1 Averages of 30 plants per site in most cases for the full replications. 


TABLE 11. 


Average 


Average 


height height 
to first to first 
Average living Average living 
Average |maximum) branch | Average maximum) branch 
height | diameter or leaf height | diameter | or leaf 
(in. ) (in.) (in.) (in.) (in.) (in. ) 
17.5 15.5 0.6 14.5 12.8 0.4 
14.0 18.5 3.0 2.0 2.5 0.5 
8.6 2.9 1.4 4.4 3.0 0.7 
5.9 2.8 1.3 2.5 1.8 0.5 
9.0 20.5 1.5 ~ — - 
5.6 1.2 0.9 4.6 ee 0.9 
2.3 0.7 0.1 2.3 0.8 0.2 
a | 0.7 0.2 4.8 1.0 0.3 
7.6 6.0 0.3 3.5 3.5 0 
4.8 2.0 0.4 3.1 1.2 0.4 
4.0 1.8 0.3 4.2 2.3 0.3 
1.2 0.5 0.1 1.0 1.0 0 
11.4 1.9 5.9 12.5 1.9 5.8 
11.8 5.9 0 8.2 3.4 0.3 
14.0 7.0 0.1 8.6 3.8 0 
3.9 el 0.8 2.4 1.3 0.8 
6.8 18.5 0.6 4.8 15.3 0.6 
4.3 2.6 0 2.4 1.7 0 
2.4 5.1 0 1.9 2.4 0 


Relative sizes of random plants’ of the experimental leguminous species 


on the three sites, 194C 





WELLER SILT Loam SITE 


| Average | 
height 
Species to first 
Average | living 
Average maximum) branch 
height | diameter | or leaf 
(in.) (in. ) (in.) 
Coronmila taria®..........%. p< 15.3 0 
Desmanthus illinoensis..... . 10.1 9.5 0.2 
Desmodium spp.”........... 11.4 6.3 0 
Lathyrus venosus?......... ool 3.3 1.9 
Lespedeza capitata.......... 21.7 3.0 1.3 
Lespedeza latissima......... 5.1 9.4 0 
Lespedeza sericea.......... 20.3 13.8 0.2 
Lespedeza stipulacea....... 3.2 8.4 0 
Lespedeza violacea®........ 1.6 0.7 0 
Lespedeza virginica......... 9.4 6.2 0 
Lotus corniculatus.......... 5.3 16.2 0 
Lotus corniculatus?......... 2.8 13.6 0 
Lotus uliginosus............ 2.7 11.8 0 
Trifolium pratense (Eppert) . 4.6 12.6 0 
i re 2.8 13.7 0 


1 Averages of 15 plants per site in most cases for the full replications. 


2 1940 plantings. 


BoTToMLAND SITE 


Average 


LinpDLEY Loam SITE 


Averag 


height heigh/ 
to first to firs 
Average living Average living 
Average maximum) branch | Average maximum) brancis 
height diameter | or leaf height diameter | or lea? 
(in.) (in. ) (in. ) (in.) (in.) (in. ) 
2.8 4.2 0 1.3 2.0 0 
17.4 11.0 0 12.7 11.9 0 
7.3 4.3 0.3 12.9 8.8 0.4 
6.1 2.8 1.8 5.2 2.5 1.0 
26.4 5.3 0.3 23.9 4.5 0.2 
3.0 6.0 0 3.3 6.8 0 
16.8 6.3 0.3 23.9 13.8 0 
8.3 12.0 0 5.2 20.2 0 
1.8 0.9 0.1 | 0.8 0 
10.8 6.3 0 10.4 5.0 0.2 
4.3 13.6 0 4.0 16.2 0 
1.9 13.5 0 2.1 17.5 0 
1.9 6.8 0 1.9 8.1 0 
2.4 4.3 0 5.8 6.8 0 
wet 18.8 0 2.5 8.8 0 





reduced throughout the unlimed Weller site. It will 
also be observed from Table 12 that the proportion 
of Cassia fasciculata was greatly reduced and that of 
Lespedeza stipulacea greatly increased on the Weller 
site between 1939 and 1940. Similar reduction in 
Trifolium pratense even on the more favorable low- 
land site oceurred during the year, probably resulting 


from competition with the rapidly spreading Lotus 
corniculatus and Lespedeza sericea. 
Size or Root Systems 
Table 13 presents the results of analyses of relative 
dry matter of tops and of roots of certain species at 
three depths of representative one-square-foot areas. 
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TABLE 12. 
perennial and annual-biennial 


and 1940. 


Percentages of component species of the 
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Both tops and roots were in most eases larger, as 
measured by dry weight, on the bottomland than on 
the Weller and Lindley sites. It was believed that 


legume mixtures, 1939 





I 


the shoot-root ratio of the Weller site might be lower 


. , . 
ERCENT OF ToTAL CovER than that of the bottomland site, but. the differences 


Site were not significant for the number of cases analyzed. 
aren oak epee mages Propuction oF Dry MATTER 
Weller | land | Lindley Table 14 shows the relative percentage dry weights 
iain Riana’ eR 7h eens ae ieee, | in the early flowering stage, unless otherwise indi- 
Cassia fasciculata (1939)... . 45 74 46 cated. Lespedeza sericea and Lespedeza violacea are 
Pe (1940). ... 2 29 2 thus shown to be quite “woody” plants and Lotus 
Percent change........... —43 ta —% corniculatus a much more succulent type. It was 
Lespedeza stipulacea (1939) . 12 14 oD) thought that plants of higher percentage dry matter 
(1940) 98 60 84 content might be found in plants from the upland 
Percent change........... +86 +46 +62 than in plants from the lowland site. The differences 
Melilotus app. (1989)... 2 a 31 were not significant, however. Ry. 
” ” (1940)...... 0 11 14 Table 15 serves both as an illustration of site dif- 
Percent change........... ae 0 ay ferences in dry weight of total growth, which else- 
eee ; where has been discussed in terms of density, and of 
Vieie villosa Ninnd beers = a the relative yields of some of the species on the basis 
Percent change...........| — 1 a 4 of forage. Exeept for the perennial mixture, yields 
re were consistently higher on the bottomland than on 
Season eons (1939) 45 17 34 the Weller site. The best plots of Lotus corniculatus 
™ ” (10m)... 57 39 17 on the two sites gave yields on the basis of 2.7 ton 
Percent change........... +12 +22 —17 aeres on the Weller site and 4.0 ton acres on the bot- 
| 2 tomland site. Other figures listed are for average 
= aie aael on oe = | 53 rather than for the highest yields. 
Percent change........... + 7 | +46 | +25 WiuntEer-HARDINESS 
Trifolium pratense (1939). . | 33 | 76 30 It had been observed after the winter of 1939 that 
(1940)....| 14 | 8 22 certain of the perennial species, particularly Lespe- 
Percent change...........| “> |e | -s deza sericea, were less winter-hardy than others. In 


TABLE 13. Dry matter in 
leguminous species at the end 


the spring of 1941, survival counts were made of 


tops and in roots at three depths of representative one-square-foot plots of eleven 
of the first growing season, 1939. 





Species 


Sescigintes INE. <a. Site a at 


Lespedeza capitata 
Lespedeza latissima....... 
Lespedeza sericea......... 


Lespedeza stipulacea 
Lespedeza virginica. 
Lotus corniculatus...... 
Lotus uliginosus........ $ 
Melilotus alba (Alpha)........ 
Melilotus alba (Melana) 
Strophostyles helvola... . Rae 
Trifolium pratense (Eppert).. . . 
Vicia villosa. ..... 
Annual-biennial mixture 
Perennial mixture. . . 


Dry WEIGHT IN Grams 





Detacoinaid site Lindley loam site 


= a | af 





Weller silt loam site 


|, — | | -- 








Roots Rewts ben 

| Tops oe” |e12” i224" 2S ee ee | 

0-6” | 6-12” 12-24” 0-6” | 6-12” |12-24” | 0-6” | le te” j12- -24"” 

2.77 | 4.75 — — /|12.45 123. 94 = ass ees 
..| 2.39 | 4.02 | 1.33 | — 5.30 112.54 | 5.57 — oD ie a 
../12.55 | 6.08} — | — — | - = — | - 
..|15.60 | 5.94 | 2.02 | 1.69 [14.98 | 7.07 | 4.60 — | — 

47.71 |16.26 | 2.40 | 1.26 
(24.01 | 1.45] — — |16.08 | 3.29 = — | — 
..| 1.58 | 2.20 | 0.50 | 1.52 | 3.04 |15.00 | 8.59 — - — |—|{— 
../23.65 | 8.80 | 2.62 | 0.90 68.65 [24.46 | 7.68 | 5.85 |20.53 |30.45 | 2.22 | 1.88 
154.26 | 7.43 — | — {30.19 | 5.20 22.38 | 8.73 | 0.49 | — 

(31.20 |11.57 — |29.27 |13.20 - ee = 
.. {19.81 | 2.87 | — - 17.65 | 1.60 _ — 

168.55 | 1.88 | 0.13 | 0.70 | — ake = = 
14.45 | 1.92 - — (65. 13 WW. 06 0.18 - es ae ee 
— _ - — |62.83 |10.20 | 1.07 — — | - 
38.72 |19.83 | 2.62 — 65.44 |19.69 | 3.29 = —_ —_ a 
..|72.17 {26.21 | 8.07 — (60.18 |12.03 | 6.23 30.45 {15.92 | 3.15 | — 
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TABLE 14. Variation in percentage dry matter content 
of mature plants between species within and between 
sites, season of 1940. 





SITE 
Species -——— - ——- 
Bottom-| 
W eller land | Lindley 
Coronilla varia....... Np he Lee 95.6 24.5 30.5 
Desmanthus dlinoensis...... | 35.5 42.6 39.2 
Desmodium spp. . ..| 29.0 30.4 | 33.0 
Lathyrus venosus var. ‘intonsus.. | BS |- 26.0 24.6 
Lespedeza sericea (mature)... .. 47.5 47.0 45.3 
Lespedeza sericea (14-16")......| 38.7 42.1 41.0 
Lespedeza stipulacea........ 43.5 41.4 34.9 
Lespedeza violacea............. 47.0 44.6 | 44.6 
Lespedeza virginica.......... 32.1 38.7 37.0 
Lotus corniculatus............. 22.8 24.2 25.1 
Lotus uliginosus.............. 21.4 27.8 20.5 
Melilotus alba (Arctic strain)...| 34.9 41.0 38.6 
Trifolium — (E — 
strain) . re ,oa| Bawa” | ZBer* |) Zazg* 
Vicia villosa.............. 28.8 30.8 27.6 


* Mostly second growth. 


TABLE 15. Forage yields in tons per acre of dry 
matter of various leguminous species planted in May, 
1939, and harvested August 15, 1940. 











YIELD IN Tons 
Per AcRE 
Species Site 
| 
Weller | Bottom- 
silt loam| land 
Lotus corniculatue..............000000 y aS | 4.0 
Lotus corniculatus..................00: Pe RS 
Oe 0.9 | - 
Trifolium pratense (Eppert strain)....... 0.2 1.9 
WPS oe es og 30's one eare 0.9 | 1.9 


Annual-biennial mixture of 
Cassia fasciculata 
Lespedeza stipulacea 
Melilotus alba (Arctic strain) | 
Melilotus officinalis (Zouave strain) | 
Melilotus suaveolens (Redfield strain) 
ROEM SR. So edn SCN L. 

Perennial mixture of 
Lespedeza sericea 
Lotus corniculatus 
Trifolium pratense (Eppert strain)... . 2.4 2.4 


“I 
i) 
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this species and of others of the perennial group. 
These are presented in Table 16. The winter of 1940 
was destructive of much plant growth, not because 
temperatures were abnormally low, but because tem- 
perature fluctuations were so great. Many farmers 
observed much injury from frost-heaving of alfalfa 
and red clover. Table 16 shows the survival of 
species planted for the first time in 1940 and of those 
in which at least some of the plants had two-year-old 
root systems. In Table 16, it is seen that except for 
Lotus corniculatus on the bottomland site, there was 
an almost complete killing of all one-year-old plants 
in the 1940-planted plots. The two lespedezas, L. 
sericea and L. latissima, and red clover were greatly 
reduced. The well-established two-year-old plants of 
the native lespedezas, L. capitata and L. virginica, 
showed much greater survival ability. 
CHEMICAL COMPOSITION OF PLANTS 

Since calcium and phosphorus were expected to be 
the chief limiting mineral elements in legume nutri- 
tion on the Hilleulture sites, analyses were made of 
plant tissue of five species collected at the early flow- 
ering stage. These data are presented in Table 17. 
It will be noted that in content of calcium, the plants 
were in three general subdivisions, Melilotus alba 
(Arctic) being high on all sites, Lotus corniculatus 
and T'rifolium pratense (Kppert) intermediate and 


TABLE 16. Average number of plants per milacre 
plot of the various perennial experimental leguminous 
species surviving the severe winter of 1940. 





NuMBER OF PLANTS 





Species Age of plot | Site 
|— aia = 
| Bottom- 
Weller | land | Lindley 

Coronilla varia First season..... 7 | 8 1 
Desmodium spp. | First season........| 0 3 0 
Lespedeza capitata Second season... . 56 47 | 7 
Lespedeza latissima Second season... . 0 3 0 
Lespedeza sericea Second season 0 21 19 
Lespedeza violacea First season 1 | 0 | 0 
Lespedeza virginica Second season | 18 31 11 
Lotus corniculatus First season 9 55 3 
Lotus corniculatus Second season... 49 | 71 58 
Trifolium pratense Second season .| 0 11 3 


TABLE 17, Calcium and phosphorus contents of mature plants of five leguminous species growing on the Weller 


silt loam (Site I), Bottomland (Site II), and Lindley loam (Site III) 


experimental legume sites, 1940. 





PERCENT OF Dry WEIGHT 


PERCENT OF parent WEIGHT 


Calcium Phosphorus Calcium ~ Phosphorus 

Species | ——— ——— , ——--|——— — — 

Site | Site | Site | Site | Site | Site | Site | Site | Site | Site | Site | Site 

y ) ee Ill II al I II III I II Ill 

Senuius MI os Sos owe edates 1.04 | 1.13 | 1.16 | 0.23 | 0.27 0. 26 0.49 0. 53 0. 53. O11 1 @. 13 0.12 
Lespedeza stipulacea.. eee 1 1.00 | 1.12 | 1.11 | 0.18 | 0.22 | 0.22 | 0.44 | 0.41 | 0.35 | 0.08 | 0.09 | 0.08 
Lotus corniculatus........... 1.20 | 1.23 | 1.26 | 0.29 | 0.32 | 0.30 | 0.27 | 0.30 | 0.32 |; 0.06 | 0.08 | 0.07 
Melilotus alba (Arctic). ............ 1.38 | 1.60 | 1.62 | 0.20 | 0.23 | 0.22 | 0.48 | 0.66 | 0.63 | 0.07 | 0.09 | 0.08 
Trifolium pratense (Eppert)........ 1.15 1.29 | 0.14 | 0.17 | 0.18 | 0.29 | 0.31 | 0.33 | 0.03 | 0.04 | 0.05 


| 1.31 | 
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the two lespedezas lowest. With phosphorus, the total 
absorption apparently had been of a different range 
in the species, with Lotus corniculatus high, Lespe- 
deza sericea next, Lespedeza stipulacea and Melilotus 
alba (Aretic) about equal next in order, and Tri- 
folium pratense (Eppert) low. Of these species, 
Lotus corniculatus showed the smallest increase in 
calcium content when grown on the limed sites, in 
comparison to the unlimed Weller. Soil phosphorus 
was not measured in the composited samples from 
the sites. Its relation to absorption by the various 
species is not known. Neither calcium nor phosphorus 
content of the soil on these sites is sufficiently high 
to provide levels of “luxury consumption.” On the 
contrary, there was some indication with Lespedeza 
stipulacea, that total absorption of calcium while 
relatively low was about the same regardless of con- 
siderable variation in dry weight. 


SIGNIFICANCE AND APPLICATIONS OF 
RESULTS 


Experiments in the “hilleulture” system of diversi- 
fied agriculture have been initiated in certain sections 
of the United States (Iowa, Ohio, Alabama, Cali- 
fornia, and Maryland) as an incentive for removal 
of much hilly land from ordinary cultivation. The 
hilleulture plan involves an integrated two-system 
cover including (1) contour-row cultivated plants of 
high economie value, and (2) soil and water conserv- 
ing plants for the inter-row spaces. This paper de- 
scribes studies of cultivated leguminous cover plants 
in southeastern Iowa, where relationships between 
plant response and habitat factors of soil and micro- 
climate have been under investigation since 1939. 

On the smaller, less improved southeastern Iowa 
farms to which the hilleulture system is particularly 
adapted, it seems neither practical nor economical at 
this time to make the considerable investment in money 
and effort necessary for soil improvement of the 
usual degree. On these farms it is essential only to 
make certain that at least the first of the new legumes 
and other plants to be adopted are tolerant of in- 
fertile and acid soils. It should be stressed, however, 
that these pioneer plants of low nutritional require- 
ments act in soil protection and improvement only if 
unharvested, and that their removal as a crop merely 
serves further to impoverish already depleted nutri- 
ent stores and to foster soil and water losses. 

The selection of suitable cover plants adapted to 
these low quality sites has been a major problem of 
Iowa hilleulture practice (Ward,? Boyd 1942 and 
Aikman and McDermott 1943) because establish- 
ment of the cover plants is frequently less certain 
than that of the woody species whose inter-row areas 
they are supposed to protect. The important role of 
weedy plants, and particularly of legumes (Campbell 
1927, Martin 1937, Allard 1942, Drew 1942 and 
Harris and Drew 1943) in early invasion and im- 
provement of infertile soils has been recognized. 
Many of these so-called weeds apparently have 


7 Ward, loc. cit. 


Howarp E. BREWER 


Ecological Monographs 

Vol. 17, No. 4 
greater ability to absorb nutrients from low fertility 
level soils than do some crop plants, and thus pre- 
sumably have greater capacity for the production of 
soil organic matter increment and an erosion-prevent- 
ing plant cover. 

With these general considerations in view, studies 
were begun in 1939 on the establishment and growth 
of a rather wide selection of leguminous species on 
sites whose soil properties were representative of 
those found elsewhere in the region. Intensive inves- 
tigation of the plant species has made necessary a 
comprehensive analysis also of the habitat, to permit 
interpretation of plant response. 

Relating the differential response of the various 
experimental species to variation in habitat, even 
within the small area represented in one farm, pre- 
sented difficult problems of interpretation. Soil 
variability was more exactly measurable than was 
variation in climatic factors. Its effects on the plants 
also were often more obvious than were the results 
of differences in microclimate. Certain soil factors 
could be shown by statistical analysis to have a di- 
rect positive effect on increased plant growth. It 
was impracticable to set up and maintain enough 
weather stations to permit correspondingly detailed 
measurement of microclimatie variability. However, 
plant establishment and growth differences which 
seemed attributable to slight variation in microclimate 
rather than to soil indicated that such an increase in 
number of microclimatic habitats measured might 
have resulted in an equally close correlation between 
plant response and loeal climate. 

VARIATIONS IN MICROCLIMATE 

Recent ecological studies of plant-habitat relation- 
ships have devoted increasingly critical attention to 
microclimate. Implications of microclimatie differ- 
ences have been well summarized by Hough (1945) 
and Wolfe (1945). However, too little attention has 
been paid to the constant change in microclimate re- 
sulting from reaction of growing vegetation upon 
the habitat, as strikingly shown by Dabral and Chiney 
(1938). 

Earlier studies (Aikman 1941) on the same experi- 
mental station as was used for these legume studies 
had shown the complexities of interpretation of micro- 
climate represented on different slopes within very 
small areas. Consequently, at the outset of the legume 
experiments, the two upland sites were selected to be 
as nearly alike in microclimate as possible, so that 
measured variations in plant response could be at- 
tributed primarily to soil differences. For this rea- 
son, studies. of microclimate on the three sites were 
not begun until 1941, after it had been demonstrated 
that plant growth in 1939 and 1940 was being gov- 
erned significantly by major habitat factors other 
than soil. However, the author believes, from other 
observations and measurements made in 1939 and 
1940 on the same farm, that the same relative site 
distinetions in microclimate found in 1941 would have 
been shown in 1939 and 1940, differing only in de- 
gree, and that valid comparisons can be made be 
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tween site differences in plant response in 1939 and 
1940 and site differences in microclimate in 1941. 

Within the distances separating the three legume 
sites (660 yds. maximum), no major causes of dif- 
ferences in microclimate would be predicted other 
than distinctions in elevation, direction and degree 
of slope, and effect of surrounding vegetation. The 
upland sites were quite similar in elevation and de- 
gree of slope (Table 1), and the slightly steeper 
average slope of the Weller site had been expected to 
compensate for the somewhat more southerly ex- 
posure of the Lindley site, insofar as insolation of 
the two areas was concerned. The Lindley site was 
a little more protected by nearby vegetation from 
the prevailing winds from the south and west, as 
shown by its lower mean wind velocity (Fig. 6), but 
the mean site difference in wind (2.6 mi. per hr.) did 
not seem large enough to affect either temperature 
or atmospheric humidity greatly. Site differences in 
maximum soil temperature were not statistically sig- 
nificant, and differences in minimum air temperature 
were statistically but probably not physiologically 
significant (Fig. 5). There was no significant differ- 
ence in precipitation between sites. 

It appeared that the only slightly more southerly 
aspect of the Lindley site was responsible for its 
warmer and more xeric habitat, but whatever the 
cause or combination of causes, the Lindlev site 
showed a seasonal mean daily evaporation 14.7 per- 
cent greater than the Weller site (Fig. 6), and a 
mean maximum air temperature 1.4° F. higher than 
the Weller site (Fig. 5). During the week of most 
extreme heat and drouth during the summer of 1941 
(Table 5), the Lindley site had a mean maximum air 
temperature 4.0° F. higher than the Weller site and 
its mean daily evaporation was 17.6 percent greater. 
These periods of higher atmospheric stress on the 
Lindley site were often accompanied by a lesser avail- 
ability of soil moisture than for the same dates on 
the Weller site. This combination of factors, while 
not critical in the life of mature plants, would often 
restrict their magnitude of growth if extended 
throughout a season (Aikman 1941 and Barger®). 
The greater average growth of plants on the Weller 
than on the Lindley site, as opposed to the higher 
soil quality of the Lindley area except in soil mois- 
ture, seems to be explained by the more favorable 
moisture relationships of the Weller site. 


Sort Diversity 


Measurements and analysis of the various edaphic 
factors showed wide differences within the three ex- 
perimental sites and in some cases between them. 
Studies of various criteria of soil structure, organic 
matter, moisture content, and chemical properties 
demonstrated how widely these qualities may differ 
within very local areas on eroded slopes. In view of 
these extreme variations, it was not surprising that 

8 Barger, Gerald Lee. 1942. Response of black locust seed- 
lings to variations in environmental conditions in the field. Un- 


published M.S. thesis. Library, Iowa State College, Ames, 
Iowa. 
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correlations between soil and plant response were im- 
perfect, but that they could be shown so well. 

As was observed in the discussion of microclimate, 
average site response of the leguminous species 
seemed to be more definitely related to differences in 
microclimate than to differences in soil. However, 
within sites there were statistically significant cor- 
relations between soil qualities of the sampling blocks 
and growth measurements of the species growing on 
those blocks. These correlations were “highly signif- 
icant” at the 0-6 inch depth between plant response 
and total exchangeable bases, percent nitrogen, and 
exchangeable calcium in the same order, and “signif- 
icant” for percentage of carbon. The greater cor- 
relation between soil nitrogen and plant growth than 
between soil carbon and growth suggests that nitro- 
gen was more important as a nutrient element than 
as a measure of soil organic matter. 

The only soil factor at the 6-18 inch depth defi- 
nitely shown to be significantly correlated with plant 
response was exchangeable calcium. However, cor- 
roborative evidence indicated that the generally supe- 
rior plant growth on the lowland site than on either 
of the upland sites resulted perhaps as much from its 
greater availability of soil moisture and better struc- 
ture at the 6-18 inch level as from its generally 
higher quality surface soil. 

The failure of growth of the experimental species 
to show a correlation with soil acidity was somewhat 
surprising in view of the long-held idea of legumes 
as acid-intolerant plants. However, this result is in 
agreement with much recent work under controlled 
conditions (Hoagland and Arnon 1941, Moser 1943 
and Albrecht 1944), in which it has been shown that 
calcium is more important as a nutrient element than 
as a corrective of soil acidity. This suggests that 
many studies have placed undue emphasis upon the 
importance of pH in erop production, as well as in 
the distribution of native plants, as was noted also 
by Kurz (1930) and Stone (1944). 

The soil chemical differences within and between 
sites are graphically shown in Figs. 10 and 11. The 
polygonal graph is especially well suited to the simul- 
taneous expression of several interrelated variables. 
The extreme range of values within sites is repre- 
sented by the relative polygonal areas, but also their 
geographical relationships are illustrated by the uni- 
formity within sites in configuration of the polygons. 
Examples of points of particular interest empha- 
sized in these figures are (1) the differentiation of 
the generally poorer parts of the sites (sampling 
block W-8, Fig. 10) from the better areas (blocks 
W-1 and W-3, Fig. 10) on the basis of the ecompara- 
tive total polygonal areas, (2) the location of the 
worst eroded areas as indicated by smaller amounts 
of organic carbon and nitrogen (blocks L-3 and L-4, 
Fig. 10), and (3) extreme differences in quality of 
subsoil (compare blocks B-1 to B-4 with blocks L-1 
to L-4, Fig. 11). 

In the view of some climatologists (Thornthwaite 
1946), total soil moisture content is to be regarded 
as a climatic rather than an edaphie factor, because 
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variation in soil moisture may be governed more by 
precipitation and evaporation than by inherent quali- 
ties of the soil. However, since differences within 
local areas in the available moisture of soil as dis- 
tinguished from its total moisture content are more 
strictly controlled by differences in soil physical 
properties than by variations in precipitation or 
evaporation, soil moisture is here treated along with 
other edaphie factors. 

It is unfortunate that a greater number of soil 
moisture sampling stations (Fig. 3) were not set up 
on each site. It seems probable that available soil 
moisture was one of the important site differentiating 
habitat factors, particularly in view of the demon- 
strated wide differences between sites in evaporation. 
Site differences in available soil moisture in favor of 
the Weller area over the Lindley area were not large 
(Figs. 7 and 8), but coupled with the consistently 
higher evaporation stress on the Lindley than on the 
Weller site (Fig. 6), the Weller site’s greater sus- 
tained ability to deliver water to the plants may have 
been of considerable physiological importance. Sim- 
ilar distinctions might have been shown within sites 
with more moisture sampling stations. 

* The better soil water relations of the upland sites 
in 1940 as compared to 1939 (Table 7), despite less 
‘rainfall in 1940 than in 1939, was attributed to reten- 
tion of more precipitation on the slopes by furrowing 
and by the improved second year vegetative cover of 
the perennial’ plants. Apparently, increased perco- 
lation induced by these plants more than offset their 
increased transpiration. 

Soil physical properties other than topsoil depth 





varia 


Fig. 13. Representative plots of Coronilla 
(upper) and Lotus corniculatus (lower) demonstrate the 
extreme variation between species in first season estab- 
lishment on eroded, infertile and acid Weller silt loam, 
1940. 
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and available moisture were not studied in sufficient 
detail to permit statistical analysis. However, well- 
distributed samplings of porosity and water-stable 
structure (Table 6) gave ample evidence that the 
three legume sites ranked in the same order of 
edaphie quality in physical as in chemical properties, 
with the bottomland site most favorable, the Weller 
least favorable and the Lindley intermediate. The 
relatively high base exchange capacity of the Weller 
site, as shown indirectly in its low percentage base 
saturation (Fig. 10), indicated high strueture-forming 
potentiality. Also, part of the inferiority of the 
Weller to the Lindley site had been assumed to be 
in its lower pH and percentage base saturation, both 
of which factors were later shown not to be signif- 
icantly correlated with plant response. These latter 
facts partially offset the advantages of calcium and 
phosphate fertilization of the Lindley site. 
DIFFERENTIAL RESPONSE OF SPECIES 
At the close of the second and third years of the 
legume experiments, it was clear that certain species 





Fig. 14. Typical plots of Lotus corniculatus om eroded, 
unfertilized and acid Weller silt loam (upper), limed 
and fertilized alluvium (middle), and eroded but limed 
and fertilized Lindley loam (lower), illustrating suecess- 
ful adaptation of this species to a variety of soils. 
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Fig. 15. Lespedeza stipulacea, « ‘‘ poor soil’’ legume, 
shows better establishment and growth:on a lowland ter- 
race soil (lower) than on an upland Lindley loam 
(upper), probably due to a greater availability of soil 
moisture on the lowland site. Both soils had been limed 
and fertilized. 


were much better adapted (Figs. 13, 14 and 15) than 
were others to the wide range of soil conditions (Figs. 
10 and 11) found in the experimental plots. On the 
basis of volume and density measurements, counts 
and observations, it was possible to select those spe- 
cies which were most likely to have value as inter- 
planting cover crops in hilleulture practice. 

As expected, the annual and biennial plants were of 
most importance in the first season 1939, both in den- 
sity (Table 9 and Fig. 16) and in numbers. In 1940 
and 1941, the perennials came into their own, and 
only Lespedeza stipulacea of the annuals and bien- 
nials maintained a cover comparable to that of the 
better perennials (Table 9 and Fig. 17). 





Fig. 16. 
helvola (upper) produced a first season density of cover 
much superior to that of perennials, as typified by a 
well-established mixture of Lotus corniculatus, Lespedeza 


Annual plants, as illustrated by Strophostyles 


sericea and Trifolium pratense (lower). Compare with 


second season cover in Fig. 17. 
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Lespedeza stipulacea (upper), best adapted 


Fig. 17. 
of the annual species to the three soil types of the 
legume experiments, was nevertheless.much inferior in 
second season growth on the less favorable upland sites 
to the best of the perennials, Lotus corniculatus (lower). 
Compare with first season cover in Fig. 16. 


Among the perennials, the basie question of whether 
a particular species was adapted to the soil was sup- 
plemented by such criteria of soil protection by liv- 
ing plants as total volume growth (Table 9 and Fig. 
18), leafiness and basal branching (Table 10 and Fig. 
19) as well as by considerations of organic matter 
increment as measured by the amount and type of 
dry matter produced (Tables 13, 14 and 15). Spe- 
cial climatic considerations such as winter-hardiness 
(Table 16) and drouth added to the 
difficulty of ranking the species in comparative 
adaptability. However, Lotus ranked 
high in all respects and was considered best adapted 
of the species. To these original criteria can now 
be added that of competitive ability. Here again 
Lotus corniculatus ranks as best of the experimental 
plants, as Lotus by 1946 had nearly overrun the 
legume sites and almost crowded out many of the 
other species including Coronilla varia, which in 1941 
was considered one of the better adapted plants. 
Only Lespedeza sericea, which was originally ranked 
second to Lotus in the adaptation trials, had been able 
to maintain its original plot positions on the sites in 
Lotus, and to spread somewhat 


resistance to 


corniculatus 


competition with 
when observed in 1946. 

Certain of the experimental species which other- 
wise have many advantages of adaptation and growth 
have one or more distinet limitations in soil conserva- 
tion. As examples, Desmanthus illinoensis has a pecu- 
liar growth habit of low proportion of leaves to stems 
and Lespedeza capitata has a tall but very slender 
form (Table 11 and Fig. 19) making these species 
of little value in soil protection when planted alone, 
and Lespedeza often not winter-hardy 
(Table 16) under Iowa conditions. 

Best of the annual species planted in incomplete 


sericea is 














Fic. 18. Plants of Lespedeza sericea (upper) and 
Lespedeza latissima (lower) show the extremes in vol- 
ume of growth produced by different species on the same 
Weller silt loam site. 





ak 


Fig. 19. Variations in soil protection afforded by 


equally well-established plants of different growth habit 
are typified by Lespedeza capitata (upper) and Lespe- 
deza sericea (lower). 
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replications in 1939, but replaced by perennial species 
in the plots in 1940 was Strophostyles helvola (Fig. 
16). This species is native to the section and has 
been observed to show wide adaptation to environ- 
mental conditions, producing an extremely heavy mat 
of material. Ordinarily growing along creeks, it also 
appears commonly in very dry upland areas and dur- 
ing severe drouths is one of the few plants which 
remain green and continue to grow. Value of Stro- 
phostyles helvola as an interplanting cover plant 
seems established, if it is shown that it can reseed 
itself year after year. 

One fact clearly demonstrated by these experi- 
ments has been the value of selected mixtures. Prop- 
erly balanced mixtures produce desirable stratifica- 
tion of the soil protecting plants (Fig. 20) and have 
a greater certainty of obtaining stands under varied 
conditions. The legume-grass mixtures (Table 4) 
planted at intervals in the plots were not included 
in the experiments proper but were believed to have 
definite possibilities for plant cover. However, the 
selection of legumes for grass-legume mixtures in- 
volves evaluation of competitive abilities, as Lespe- 
deza capitata was the only legume of this study shown 
to be able to compete with the grasses in planted 
mixtures, probably due to its erect stem and deep 
taproot. 





Fig. 20. 


The dense growth of this plot of Lotus 
corniculatus, Lespedeza sericea, and Trifolium pratense 
illustrates the advantages of stratification of cover and 
greater certainty of establishment with mixtures than 
with plantings of single species. 


Total soil protection was observed to be higher in 
perennial mixtures of Lotus corniculatus and other 
species (Fig. 20) than with any single species planted 
alone. Other perennial mixtures of selected legumes 
of differing growth habit would be expected to pro- 
duce similarly excellent soil-protecting and _ soil- 
building cover for eroded areas. The possibility of 
combining easily established but not highly ecompeti- 
tive annual legumes such as Cassia fasciculata with 
slow-starting but eventually well-established perennial 
plants such as Lotus corniculatus or various species 
of lespedeza such as L. virginica or L. 
latissima needs investigation. 

The ever-changing composition of the mixtures was 
one of the most interesting phases of the legume ex- 
periments (Table 12). Between sites, the varying 
proportions of the component species was well illus- 


sericea, L. 
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trated by the near-disappearance, after being orig- 
inally established, of the three sweetclovers, Melilotus 
alba, M. officinalis and M. suaveolens from the annual- 
biennial mixture (Fig. 21) on the unlimed Weller 
site. Although soil calcium supply was low, it was 
sufficient to have maintained many sweetclover plants 
had it not been for the competitive advantage of 
Lespedeza stipulacea, which is able to thrive at a 
much lower calcium nutrition level. In the same 
annual-biennial mixture, Cassia fasciculata was abun- 
dant on the bottomland site, but almost eliminated by 
competition with Lespedeza stipulacea on the Weller 
and Lindley sites, but for a different reason than 
caused the disappearance of sweetclover. With Cassia, 
competition for soil moisture seemed to be the decid- 
ing factor. 

The much better adaption of some species than of 
others to the soil and climatic conditions of the ex- 


Fig. 21. 


At the end of the second growing season, 
lowland plots (middle) of the annual-biennial mixture of 
Cassia fasciculata, Lespedeza stipulacea, Melilotus spp. 
and Vicia villosa showed little change from the relative 


percentages as planted. Upland plots of comparable 
original proportions of these same species revealed vir- 
tual elimination of Cassia fasciculata and Vicia villosa 
from both Weller (upper) and Lindley (lower) plots 


due to relatively low available soil moisture, and removal 
of Melilotus spp. from the Weller (upper) plots because 
of low available calcium. 
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periments was clearly shown (Table 9). The reasons 
for these differences were less obvious, but evidence 
introduced by chemical (Table 17) and dry matter 
(Tables 13 and 14) analyses of the plants indicated 
that the abilities to absorb and utilize nutrients from 
low fertility soils and to withstand periods of moisture 
stress were important factors in the wide adaptability 
of some species such as Lotus corniculatus and that 
the lack of these abilities discriminated against other 
species. 
SUMMARY 

Twenty-five species of Leguminosae, planted in ran- 
domized replications on 3 southeastern Iowa sites 
which were distinct in soil type and previous treat- 
ment and which differed somewhat also in miero- 
climate, were studied *in 1939, 1940 and 1941 for 
variations in response to habitat. 

The experimental species included certain native 
and introduced plants which were not at that time 
cultivated in this area and which were considered to 
be of promise in soil conservation and improvement. 
Among these were Lotus corniculatus, Coronilla varia, 
Cassia fasciculata, Strophostyles helvola, 2 species of 
Desmodium, and 6 species of Lespedeza including L. 
sericea and L. stipulacea. Also grown, for compari- 
son with these species, were selected strains of sev- 
eral crop plants such as red clover and sweetclover. 

Two of the sites were eroded upland areas of 
nearly equal elevation, both of which had southeast 
exposure, and were otherwise comparable except for 
soil, in which one was of the Weller silt loam type 
and the other of the Lindley loam type. The third 
site was a gently rolling lowland area of immature 
alluvium whose lower elevation was presumed to be 
its only major cause of microclimatie difference. The 
3 sites were separated by a maximum distance of 
about 660 yards. 

In soil factors, the Lindley and lowland sites were 
higher in general fertility levels and in pH than the 
Weller site because of previous liming and phosphate 
fertilizer treatments not given the Weller site. The 
only important soil property in which the Weller 
site was considered more favorable to plant growth 
than the Lindley site was its greater availability of 
moisture at the 0 to 6 inch depth during the critical 
growth periods of July and August. More extreme 
variability in soil physical and soil chemical proper- 
ties was found within sites than between sites. 

In microclimate, the 3 sites differed chiefly in rela- 
tive humidity and in rate of evaporation as measured 
by porous cup atmometers, the distinction in other 
climatic factors being less great. Maximum air tem- 
perature, minimum air temperature, maximum soil 
temperature, wind velocity and precipitation also 
were determined. The Lindley site was most xeric 
and had the highest mean maximum air temperature. 

Estimates of plant response included observations, 
counts or measurements of germination, number of 
mature plants, size and growth habit of shoots of 
mature plants expressed on a volume-density basis, 
extent and type of root systems, dry matter, winter- 
hardiness and chemical composition. 
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Best average growth response of plants was ob- 
tained on the lowland site, poorest on the Lindley 
site and intermediate on the Weller site. Rank in 
growth response was in the same order as was the 
presumed microclimatie favorability of the sites, but 
contrary to the general soil quality levels of the up- 
land sites, in which, except for soil moisture, the 
Lindley site was more favorable than the Weller. 

Correlations between soil properties and growth of 
individual species approached but failed to reach 
statistical significance. However, when species were 
grouped, highly significant correlations were shown 
within sites between average plant growth response 
and soil organie matter as measured by carbon and 
nitrogen contents, as well as between plant growth 
and exchangeable calcium and total exchangeable 
bases. Negative but non-significant correlations be- 
tween average plant growth and pH and percentage 
base saturation were found. 

Of the experimental species, Lotus corniculatus was 
shown to be best adapted to the wide range of soil 
and climatie conditions found in the three habitats. 
Its excellent response was partially attributed to its 
marked ability to absorb and utilize ealeium and 
phosphorus from the low quality soils. 
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MIGRATION OF RED-BREASTED NUTHATCHES IN GASPE 


INTRODUCTION 


In late August, 1936, I first witnessed the spee- 
tacular migration of red-breasted nuthatches along 
the Forillon, that tiny but rugged northeastern pro- 
jection of the Gaspé peninsula in Quebee (Fig. 1). 
The Forillon is about five miles long and a half mile 
wide. It extends in a southeasterly direction and 
separates the outer waters of the Bay of Gaspé from 
the Gulf of St. Lawrence. 

Just south of Cap des Rosiers, at the mouth of the 
St. Lawrence River, the higher mountains of the 
Gaspé peninsula drop steeply away from a height of 
nearly 1,000 feet at Mount St. Alban to about 250 
feet at the Portage back of Grande Gréve, but are 
continued down the Forillon as two limestone ridges 
separated by a narrow valley or coulée (Fig. 2). 
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Fig. 1. 
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From the Portage the northern ridge increases in 
height to 720 feet at a point halfway down the penin- 
sula, and thence descends to 190 feet at Cap Gaspé. 
The whole northeastern shore is precipitous; only at 
the Portage and at Cap Bon Ami can one ascend 
or descend without mechanical aid. The top of this 
ridge is cut by numerous valleys, thus presenting a 
highly undulatory cliff-erest toward the Gulf of St. 
Lawrence. 

The southern ridge is lower, nowhere rising above 
550 feet. The outer end at Shiphead is just over 300 
feet high. It is steeper on its northeastern aspect, 
precipitous for a short distance near the center and 
for three quarters of a mile near Shiphead. At inter- 
vals four permanent streams, which arise in as many 
cedar swamps in the central coulée, have cut their 
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Northeastern Gaspé showing the geographical relationships of the Forillon. 
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way through this ridge and empty into the Bay of 
Gaspé. Another brook during the spring months 
flows over the 40-foot cliff at the end of the coulée 
between Cap Gaspé and Shiphead. The Portage is 
drained by a tiny brook that drops 50 feet into the 
Gulf of St. Lawrence (Fig. 3). 

At the mouths of the three largest brooks lie the 
small fishing villages of Grande Gréve, St. George’s 
Cove, and Indian Cove, where cobbly beaches pro- 
vide boat landings (Fig. 2). Between them the shore 
of Gaspé Bay is faced with cliffs not exceeding 60 
feet in height. Most of the spruce, balsam fir, cedar, 
white birch, and mountain ash has been cleared from 
the southern ridge, although several wooded tracts 
remain on the hilltops. But much of the coulée and 
northern ridge remains wooded, as are the highlands 
to the westward. 

Forty-five miles northeast across the Gulf of St. 
Lawrence lies the island of Anticosti, and the latter 
is separated from southern Labrador by another 
thirty miles of water. From the northernmost curve 
of the Gaspé peninsula at Cap Madaleine, sixty miles 
northwest of the Forillon, at least seventy miles of 
the lower St. Lawrence waters must be traversed by 
birds migrating from the northern shore of the river. 
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The promise of interesting migrational bird be- 
havior due to the peculiar geographical relationships 
of the Forillon was strikingly fulfitted in 1936 not 
only by the nuthatches (Sittidae) but also by chick- 
adees (Paridae), robins and thrushes (Turdidae), 
warblers (Compsothlypidae), and fringillids. A spe- 
cial study of the red-breasted nuthateh was deter- 
mined by the following considerations. First, a mem- 
ber of the holarctic genus Sitta, it is an attractive 
species with interesting habits. Breeding chiefly in 
northern coniferous forests, but also at the higher 
elevations farther south, it exeavates a hole in some 
dead stub or dying tree, sometimes even in a living 
spruce or fir. No one has yet given a satisfactory 
explanation of its unique habit of smearing pitch 
about the entrance hole. Among village dwellers this 
little nuthatch is best known to those fortunate ones 
whose winter feeding stations oceasionaly attract one 
or more. Easily tamed, an individual nuthatech may 
return year after year for suet, even taking it from 
the hand. Bird students, campers, and sportsmen 
encounter this species in the forests of northern New 
England, the Adirondacks, Michigan, Minnesota, and 
states farther west. While hunting in New Hamp- 
shire one fall Mr. Ralph C. Morrill, of the Peabody 
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Diagrammatic aérial view of the Forillon extending from Grande Gréve to Cap Gaspé. 
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Museum of Natural History, saw a little group busily 
pecking fat from the entrails of a deer that had been 
left in the woods. Within an hour he came upon the 
same, or another, group energetically dashing about 
a saw-whet owl (Cryptoglaux acadica) perched upon 
a branch low in the interior of a hemlock tree. 
Many equally interesting instances of the behavior 
of this nuthatch have been recorded in ornithological 
literature. 

Second, though small in size, Sitta canadensis is 
easily observed during the diurnal phase of its migra- 
tion owing to (a) its slow flight, (b) restriction to the 
tops of trees, and chiefly to the taller conifers that 
stand out conspicuously in the line of flight, (¢) close 
association in groups or flocks whose members con- 
tinually utter their high communication notes. These 
behavioral characteristics suggested the probability 
that a large proportion of the migrating nuthatches 
could be detected. 

Third, the Forillon’s position near the northeastern 
limits of the known breeding range of this species 
lent added interest to the passing flocks. Whence do 
they come, and where do they go? Labrador, Anti- 
costi, Newfoundland, and Quebec, including the Gaspé 
peninsula, demand consideration as sources. Can the 
waves of nuthatches that in some years pass south- 
ward over New England be ascribed in part to the 
large numbers that earlier appear on the Forillon 
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nearly a thousand miles to the north-northeast ? 
Fourth, the red-breasted nuthatch has often been 
cited as having erratic migratory habits, appearing 
in New England, or Michigan, for example, in great 
numbers from late July to November in an occasional 
vear, only to fail almost entirely during the succeed- 
In view of such observations it 
seemed probable that a study of its movements 
through Gaspé might help to clarify its status as a 


ing year or vears. 


migrant. 
KARLIER Records OF S. canadensis IN EASTERN 
CANADA 

The breeding range of the red-breasted nuthatch 
in the east has been defined as southern Quebee and 
Newfoundland south to Massachusetts. H. F. Lewis 
(1925) added southern Labrador to the range. stating 
“it would appear to be well established that the red- 
breasted nuthatech is a regular and not uncommon 
summer resident in the southern part of the Labrador 
peninsula.” 

It breeds in some numbers on Anticosti 
Macoun (1909) mentions only Audubon’s record of a 
supposedly wind-blown individual in Labrador, but 
quotes Brittain and Cox to the effect that this species 
is quite common in the Restigouche Valley, New 
Brunswick, and quotes Bishop that it is a tolerably 
common summer resident on the Magdalene Islands. 


Island. 
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Map of Grande Gréve and vicinity showing by arrows the flight lines of nuthatches in autumn migration. 
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Upon the Gaspé peninsula itself the species breeds, 
but earlier records are few. Townsend (1919) re- 
ports it as not uncommon after August 6 at Grande 
Gréve, from which it may be inferred that those 
which he observed were migrants. He remarks that 
Taverner’s earliest record for this locality was July 
29. DeMille (1926) heard several near the head- 
waters of the Madaleine River on April 22, and saw 
a pair near Mont Louis Lake on June 24, 1924. This 
record is of interest for two reasons: first, since 
DeMille lived in the interior of the Gaspé peninsula 
from September 20, 1923 till mid-August 1924, and 
recorded S. canadensis only on these two oceasions, 
the bird was not common; and second, the pair 
which he saw on June 24 probably bred there, in a 
locality 70 miles west of the Forillon. 


FIELD OBSERVATIONS IN 1936 


1936 added one probable and six certain breeding 
records for the region. During my first visit to 
Grande Gréve, August 20-28, 1935, I saw no nut- 
hatches. In 1936 I spent the period from June 14 
to August 30 making a faunal study of the Forillon, 
and visited briefly several other parts of the penin- 
sula. A week was spent at Ross Lake and vicinity, 
about sixteen miles west of Gaspé town. Practically 
every grove of trees on the Forillon was visited once 
during the summer, and many of them several times. 
The nesting holes of chickadees, both Parus atrica- 
pillus and P. hudsonicus were found frequently, but 
only in the highlands a mile northwest of Grande 
Gréve did I meet with Sitta canadensis. On June 
24 I heard one in the spruce forest, and on July 22 
saw one in the same locality. Probably a pair bred 
there, for. not until August 14 were migrants noted. 
While it is possible that breeding pairs on the Foril- 
lon escaped detection, the species certainly was very 
uncommon both there and to the westward. 

Three nests were found at well separated areas of 
conifers on the Forillon in July 1937, when a special 
attempt was made to determine the size of the breed- 
ing population. During the succeeding years nut- 
hatches were seen and heard during June and early 
July in numbers that would indicate not more than 
three or four occupied nests. In 1941 a hole with 
young was found on July 5 behind Grande Gréve, 
and was kept under observation until July 12 when 
the young left the nest. Again in 1946, when I next 
visited Gaspé, a pair bred in this immediate locality. 

CHARACTER OF MIGRATION ON THE FORILLON 


At dawn each morning I began field work on the 
southern ridge back of Grande Gréve and twice a 
week made a sunrise trip along the old King’s (or 
Cape) Road across the coulée and to the top of “Big 
Hill” where the road toward Czp des Rosiers pitches 
steeply down from the crest of the northern ridge to 
the lowlands beneath the cliffs of Mt. Saint Alban. 
Activities of birds were specially noted. 

One station, at the brink of the southern ridge, 
hereafter called Station A (Fig. 3), was particularly 
favorable for such study in the early hours of the 
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day, because it commanded a view of the coulée, the 
southern slope of the northern ridge, the gap just to 
the east in the southern ridge through which Dol- 
bear’s brook flows into the Bay of Gaspé, and the 
slope down to this bay. Furthermore, bird calls 
from various directions usually were easily heard 
from this station. It was situated at the boundary 
between pasture-land on the east back of Grande 
Gréve and a 50-acre plateau of young spruce and 
balsam 6 to 15 feet tall on the west. As the observer 
faced the northeast or east, birds flying along the 
coulée or the slopes of the ridges between him and 
the early sun had their translucent wing and tail 
feathers so illumined as to appear conspicuously 
silvery. With 8-power binoculars small birds like 
warblers and nuthatches could be seen nearly half a 
mile distant against the dark evergreen forest. 


THE FLIGHT CHARACTERISTICS OF SITTA 

Sitta canadensis has an irregular, bounding or 
undulatory flight. At times the motion is chiefly 
upward and downward, the bird making little prog- 
ress against even a light head-wind. At other times 
the undulation is hardly apparent as the bird passes 
rapidly onward. Against a fresh wind nuthatches 
often tower upward to a height of 150 feet as though 
trying to gain a stratum more easily navigable. Not 
infrequently a sort of test flight is made from the 
edge of a grove, the bird flying out over open land 
and veering back to the tree from which it started. 

It would be interesting to know whether any one 
bird acts as group leader at successive departures 
from groves or isolated trees through which the birds 
have been working. Perhaps it is merely a matter 
of chance position, the first bird to attain the edge 
of the woods being usually the first to respond to the 
stimulus of the next goal. At any rate the departure 
almost invariably begins with the flight of a single 
bird, whose motion and accompanying call cause the 
others to set out. Most of them eall as they leave 
their perches, but, once launched, they fly for the 
most part in silence till they reach the next trees. 
Here a few rallying “penks” are uttered. 

Not always is it the first bird to reach the advance 
edge of a grove who acts as leader to the next. Not 
infrequently 2 or 3 from far in the rear pass over 
those in advance. The latter then join the flight. 

LINES OF FLIGHT ON THE FORILLON 

When the autumnal movement began it was found 
that, with the possible exception of some of the 
hawks, all migrants which had either been resident 
on the Forillon, or had reached it from the north, 
passed northwestward up the little peninsula and 
along the higher continuation of the ridges inland. 
It was later found that at least some of them turned 
southward at the head of Gaspé Bay. Although at 
its mouth the bay is only five miles wide, no passerines 
are seen to cross it. Such a course would have saved 
birds migrating down the coast more than forty miles 
of travel. 

Thrushes, vireos, warblers, kinglets, wrens, juncos, 
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and sparrows, as well as the nuthatches, followed the 
route up the Forillon. In doing so the great body 
of them passed within easy view of Station A. As 
shown in Figure 3, several more or less distinct lines 
of flight converged toward this point. Line 1 was 
followed by birds moving westward above the south 
shore of the Forillon. As they reached Grande 
Gréve many of them were deflected back from the 
shore by the buildings and open fields, and were 
attracted to a broken line of tall spruces which ex- 
tended along the brow of the ridge. From these they 
crossed a pasture studded with small spruces to the 
patch of young conifers west of Station A, passing 
the observer within a distance of from one to sixty 
yards. 

Another line of flight (Line 2) passed along the 
crest of the ridge east of Grande Gréve, crossed the 
lowlands in the gap and joined the first line in the 
row of spruces, or passed to another grove of spruces 
on a wooded shoulder fifty vards to the north (Gav- 
ey’s Ridge). Line 3 included birds which had passed 
up the peninsula on the steep northern slope of the 
southern ridge, had crossed the gap, and entered the 
patch of young spruces on Line 2. The western end 
of this grove at the top of the slope was separated 
from Station A by an open pasture ninety yards 
wide. Migrating birds were seen frequently to acecu- 
mulate in the terminal trees, and then to cross the 
pasture in flocks of from five to twenty individuals. 

A fourth line of flight extended along the northern 
timbered border of the cleared land in the coulée 
back of Grande Gréve, crossed the valley at its nar- 
rowest part and entered the lower northern edge of 
the grove described under Line 3. Most of the birds 
of Line 4 ascended the steep pasture slope to pass 
directly over Station A which was located at the 
brink of this declivity. Others passed just below the 
station and entered the young conifers west of it along 
with birds of Line 5 that crossed the coulée 100 yards 
farther west, having apparently come up the penin- 
sula near the erest of the northern ridge until de- 
flected by the higher slopes west of the Portage gap. 
This stream of birds was joined in the Portage by 
others from Line 6 made up of migrants that had 
followed the elevated northern slope of the ridge 
above the cliffs. As explained beyond, many of them 
are believed to have made their landfall after having 
crossed the Gulf. At Station C during the height of 
migration several nuthatches and warblers were seen 
at the very edge of the 200-foot precipice, whether 
or not they had landed there after crossing the Gulf. 

Many birds of Line 6, entering the Portage gap, 
ascended its western slope to an ill-defined higher 
bench in the forest and advanced to the coulée west 
of Station A. Thence they followed the northern 
edge of a clearing to its head and continued upward 
in the narrow valley to the western highlands. 

Two other lines of migrants entered the coulée west 
of the Portage at successively higher breaks in the 
ridge. Line 7 paralleled Line 6. Finally, Line 8, 
interestingly enough, was followed by a considerable 
number of other passerine birds which had apparently 
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been passing southeastward along the Cap des Rosiers 
lowlands. Station B furnished an excellent observa- 
tion point. It was located at the break of the ridge 
where the King’s Road from Grande Gréve pitches 
down the “Big Hill.” The northern cliffs of the 
Forillon commence just beneath this station with a 
sheer drop of 400 feet, while the higher cliffs of Mt. 
Saint Alban ascend westward to 1,000 feet. As the 
observer stands in the road he ean place his hand 
upon the overhanging end of this latter precipice. 

On several occasions migrants of other species were 
seen to approach Station B from the westward in 
the trees and shrubs which maintain precarious foot- 
ing along the edge of this cliff, and to turn westward 
again as they rounded its end above the road. Many 
of them probably had been passing southeastward 
along the northern slope of the mountains which 
flank the shore of the St. Lawrence between Fox 
River and Cap des Rosiers. Others doubtless landed 
at the foot of the Mt. Saint Alban barrier, whose 
southeastward trend directed them toward Station B. 
It may be noted here that a flock of white-winged 
crossbills that frequented the Forillon all summer 
long repeatedly used this gateway in passing back 
and forth between the Grande Gréve and Cap des 
Rosiers districts. 

Migrants in Lines 7 and 8 were difficult to follow 
on the heavily wooded slope north of the coulée, but 
most of them are believed to have worked northwest- 
ward up the valley, for many were seen in the nar- 
row forested defile at its head, north of Peak IV, 
Figure 2. Some of these may have represented Lines 
1 to 4, whose major component doubtless passed 
along the bayward slope of the southern ridge. 

In the main, progress along these various lines 
was not by continuous flight, but by successive short 
flights from tree to tree as the birds sought food, or 
by longer flights across pastures and fields, especially 
in the gap behind Grande Greve. 

In 1936 no migrating red-breasted nuthatches were 
noted on the Forillon until August 14. The temper- 
ature at 5 A.M. was 12.2° C., the lowest for the 
month thus far, and the day was fair, following rain 
during the preceding day, whose temperature at 
5 A.M. was 15° C. Between 6:00 and 6:30 A.M. 
several of these birds worked westward in the spruces 
along the King’s Road in the locality between Lines 
5 and 7 on the map. One individual uttered an un- 
interrupted series of more than twenty notes. 

The next morning, August 15, was cloudless and 
the coolest since June, the temperature being 9.5° C. 
at 5:30, with a fresh west wind blowing. Upon 
reaching Station A at 5:55 A.M. I found a strong 
flight of nuthatches in progress. Counting only those 
which followed Lines 2, 3, 4, and 5, more than 200 
passed the station between 6:00 and 6:30. Many 
others could be seen with the binoculars along Lines 
1 and 6. Single individuals and diffuse groups of as 
many as twenty birds with undulating flight crossed 
the pasture from the wooded areas to the eastward, 
and alighted among the small spruces all about me. 
Many, like flyeatchers, pursued inseets in the air, 
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while others sought aphids about the tips of the 
evergreens. 

When I left the station at 6:30 a few nuthatches 
were still passing, and upon reaching the line of tall 
spruces just back of Grande Gréve I found several 
of the birds there, and watched others approach 
across the gap from the end of the ridge to the 
southeast (Line 2). Judging from later experiences 
many migrants must have passed before I reached 
Station A. Probably not Jess than 400 moved up 
the Forillon between 5:00 and 7:00 o’elock on this 


morning’. 
August 16 dawned foggy and warmer (14.7°); 


wind NNE. Only two nuthatches were seen. Rain 
fell during the day and evening, but cleared early on 
the morning of the 17th above a transient fog that 
was being driven out of the bay by a moderate NW 
wind. About a dozen passed Station A between 5:30 
and 6:30 A.M. 

All proceeded slowly westward except one—the only 
nuthatch known to pass down the Forillon eastward 
during the month. It followed Line 1 from the young 
sprutes west of Station A, alighting successively in 
several scattered trees along a fence, which followed 
the top of the ridge between cultivated land and pas- 
ture, to the row of tall spruces just west of the 
Grande Gréve gap. There the bird remained feeding 
for the remainder of the morning’s observation period. 
It is interesting, but not especially profitable, to 
speculate as to why this one bird passed for a distance 
of at least 200 yards in a direction opposite to that 
followed by all other passerine migrants. It may 
have erossed from the northern to the southern shore 
of the peninsula through a gap in the mountains four 
miles to the westward, and then taken the most south- 
erly route open to it—that southeastward down the 
southern ridge of the Forillon. Had it met a stream 
of birds coming up the peninsula, as on August 15, it 
undoubtedly would have joined them. Further con- 
sideration of this instance may be deferred until the 
whole matter of the reaction of migrants to the en- 
vironment of the Forillon is discussed. 

This morning marked the beginning of a migra- 
tional movement among two other species of birds. 
A flock of seven robins (Turdus migratorius) and 
several small groups of myrtle warblers (Dendroica 
coronata) passed Station A on their way westward 
along Lines 3 and 4. Three of the warblers crossed 
the pasture in company with five nuthatches. 

Later in the day (10:30-11:00 A.M.) at a point 
about a mile southeast of Grande Gréve a distinet 
westward movement of juncos (Junco hiemalis) and 
white-throated sparrows (Zonotrichia albicollis) was 
in progress along the top and Bay slope of the south 
ridge. Most of the birds were immature. 

On August 18 fair weather and a lower temper- 
ature (8.8°) brought a larger number of nuthatches, 
myrtle warblers, and small groups of migrating 
white-throated sparrows. I spent this morning on 
the King’s Road between Grande Gréve and the Big 
Hill. Most of the migrants crossed the road in the 
forest along Lines 4 to 8. 


STANLEY C. BALL 


Ecological Monographs 
Vol. 17, No. 4 


At Station B an unusual occurrence was noted; a 
few nuthatches and sparrows gathered in spruces at 
the cliff-edge overhanging the shore. Their previous 
course is unknown; they may have moved upward 
along the edge of the precipice from the vicinity of 
the Portage, or may have ascended from the north 
among the which here clothe the shoreward 
slope to the lowlands of Cap des Rosiers. The for- 
mer possibility is strengthened by their subsequent 
behavior, for they flew across the road into trees 
above it, and onward along the sharply rising cliff- 
edge that extends northwestward to Mt. Saint Alban. 
This behavior stands in contrast to that of such mi- 
grants of other species as were later seen to ascend 
along the inland side of the road beneath the St. 
Alban cliffs; these all followed approximately a con- 


trees 


Aour (Line 8) from Station B. 


During the next two mornings the weather was 
warmer (15.5° and 12.2°). A strong SE wind blew 
during August 19, but shifted to the west on the 
20th. Only a single nuthatch was recorded on each 
morning at Station A. The 21st dawned fair and 
cool (9.4°) and gave promise of another migratory 
movement. However, not a single nuthatech nor other 
migrant was observed. 

August 22 was still cooler (8.8°) and remarkably 
clear, with a fresh W wind blowing. As the sun rose 
out of the sea at 5:15, the island of Anticosti was 
plainly visible along the northern horizon from the 
hilltop back. of Grande Gréve. As I reached the 
upper edge of the conifers along Line 2 southeast of 
Station A, I found them alive with migrants moving 
out of the Forillon. Hundreds of nuthatches, having 
crossed the gap from the eastward along Lines 2, 3, 
and 4, could be seen entering the grove in groups 
often numbering more than a score of individuals. 
They were accompanied by many warblers, chiefly 
magnolia (Dendroica magnolia), and black-throated 
green (D. virens,) two species which had not been 
seen migrating previously. A few myrtle warblers 
also passed. Forty-three robins in small groups, and 
even chickadees (Parus atricapillus) had joined the 
westward movement. But the main current was sup- 
plied by the nuthatches. I counted more than four 
hundred, and from Station A saw within the range 
of the binoculars in the period between 6:15 and 
7:30 as many more. The flight and notes of Sitta 
canadensis identified them unmistakably at a distance 
in the strong morning light. Probably not less than 
1,000 cf this species passed out of the Forillon on 
this morning. In order to observe conditions along 
the King’s Road I did not await the rear guard at 
Station A. Between 7:45 and 8:15 several groups 
of nuthatches and a few warblers crossed the road 
on Lines 5 and 6. At 8:30 when I reached Station 
B no migrants were in evidence, but this may not 
indicate that no nuthatches had followed Lines 7 and 
8 earlier in the morning, for practically all migratory 
movement had stopped for the day. Few nuthatches 
on any morning passed after 8:00 o’clock. 

It is not surprising therefore that, on a boat trip 
from Grande Gréve around the end of the Forillon, 
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and along the foot of the cliffs to Cap Bon Ami dur- 
ing the forenoon, I was unable to detect migrants 
approaching the peninsula over the Gulf. This might 
have been possible very early in the morning, although 
most of the birds may have entered the Forillon dur- 
ing the previous night. 

On the whole, the movement upon this morning 
was striking, with these passerines concentrated in a 
narrow lane. Probably nine-tenths of them were 
nuthatches. 

Great was the contrast the following morning, 
August 23, which was cloudy and somewhat warmer 
(10.8°), followed by heavy rain. No migrants were 
seen. The next two days were fair but warmer, the 
24th being foggy at dawn. On the 24th several im- 
mature chickadees (P. atricapillus) and an immature 
male redstart (Setophaga ruticilla) passed Station A, 
and on the 25th more chickadees, an adult male red- 
start, a waterthrush (Seiurus noveboracensis), 32 
juneos, 6 robins, 11 black-throated green warblers, 
and a single red-breasted nuthatch passed the same 
point on their course westward out of the Forillon. 
Although the temperature fell to 10.2° and 10° on 
the 26th and 27th, both mornings were cloudy. Their 
only migrants were a few marsh hawks. 

August 28th, however, again dawned clear and 
cool (9.2°) with a westerly wind. Nevertheless, only 
two nuthatches and a few myrtle warblers crossed 
the King’s Road back of Grande Gréve between 6:00 
and 7:00 o’clock. 

Migration NEAR Cap GASPE 

At the end of the Forillon later in the day observa- 
tions were made suggestive of landing places and 
courses subsequently found to be followed by certain 
migrants. Beyond the last cleared lands of the fisher- 
men at Shiphead settlement the forest extends to the 
end of the southern ridge, except that a clearing of 
about 20 acres surrounds the lighthouse buildings at 
the tip. The lower margin of the woodland extends 
obliquely upward to the NW across the road above 
the shore pastures. At the entrance of the road into 
the firs and spruces just above the foot of the slope 
(Fig. 4, a) I saw a red-eyed vireo (Vireo olivaceus), 
a black-and-white warbler (Mniotilta varia), and two 
yellow warblers (Dendroica aestiva) working west- 
ward. Of these species of warblers none except a yel- 
low warbler, noted half an hour before in a line of 
spruces and birches a quarter nile westward along the 
shore, had been seen on the Forillon in 1936. It is 
therefore probable that these four birds had recently 
arrived and were just beginning their flight up the 
peninsula. Several black-throated green warblers 
accompanied them. 

Another concentration of birds was found among 
the trees and shrubs near the end of the coulée below 
the lighthouse (Fig. 4, b), including more black- 
throated green warblers, several chipping sparrows 
(Spizella passerina) and a water-thrush (Seiurus 
Another specimen of the latter spe- 
cies was observed in company with two savannah 
sparrows (Passerculus sandwichensis savanna) and 
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Fig. 4. Flight lines at the eastern end of the Forillon. 


three white-throated sparrows half an hour later in 
stunted spruces (Fig. 4, ¢) at the very edge of the 
northern cliff at Cap Gaspé. The movement of the 
birds in the coulée was less marked than among those 
seen along the forest margin at Shiphead, but was 
in general up the valley. 

Another strong migrational movement was in prog- 
ress back of Grande Gréve at 6:00 A.M. August 29. 
Again the weather was fair and the coolest of the 
month (7.5°). Along Lines 2 and 3, in the grove of 
conifers east of Station A, great activity was evident. 
Many myrtle, magnolia, and black-throated green 
warblers passed, feeding as they went. More than 
150 red-breasted nuthatches were noted in three- 
quarters of an hour. I saw a single ruby-crowned 
kinglet (Regulus calendula), a young male redstart, 
and a yellow warbler—possibly one of the pair which 
had been observed leaving the tip of the Forillon the 
day before, but more likely a later arrival. Robins 
in small groups passed Station A, making successive 
flights of from 50 to 300 meters among the small 
spruces. 

Returning toward Grande Gréve I had an excellent 
opportunity to observe, in the easternmost trees of 
the grove on the western side of the gap, the arrival 
of several warblers and nuthatches from the east at 
the end of their flight across the swamp. 

August 30 was cloudy and warmer. As later de- 
veloped, a severe southerly storm was brewing. It 
was my last day on the Forillon, and on a hurr -d 
trip from 5:00 to 7:30 into the highlands a mile west 
of Grande Gréve, I saw no migrating birds except a 
few robins. These were following the usual course 
westward in the elevated part of the coulée south of 
Mt. Saint Alban. 

The observations of 1936 described above raised 
several questions concerning the origin of the birds 
seen moving out of the Forillon, the relation of the 
migrational movement to weather conditions, the at- 
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traction which this little peninsula holds for birds, 
and the reasons for their behavior after reaching it. 
Of species other than nuthatches the numbers that 
were observed passing Grande Gréve in late August 
of 1936 were not too great to have been residents of 
the Forillon. But since no yellow warblers nor water- 
thrushes had been seen or heard there during the 
breeding season, it was believed that these and prob- 
ably many others had also crossed the Gulf with the 
nuthatches, or entered from the northwest along the 
northern shore of the peninsula. This last approach 
was abundantly confirmed for warblers and thrushes 
in subsequent years. 
DISTRIBUTION OF SITTA CANADENSIS IN 
CANADA, AND PROBABLE SOURCE OF 
THOSE WHICH MIGRATE THROUGH 
THE FORILLON 


The American Ornithologists’ Union Checklist gives 
the northern limit of the red-breasted nuthatch’s 
breeding range as extending from the upper Yukon 
Valley through southern Mackenzie, northern Mani- 
toba, southern Quebec, and Newfoundland. Since 
much evidence of southward migration of this species 
through southern Ontario (Soper, 1923, Taverner & 
Swales, 1907), Michigan (Barrows 1912, p. 688; 
White 1893), and the western United States has been 
published, we may disregard as probable migrants 
into Gaspé birds originating west of Quebec. Al- 
though little seems to have been published on the 
birds of interior western Quebee south and east of 
James Bay, Sitta canadensis is known to nest from 
the Bay through Ontario to the Great Lakes (Baillie 
& Harrington 1937, Macoun 1909: 713). There is 
little doubt that it also breeds in southern Labrador, 
for Lewis (1934), after recording the appearance of 
more than the usual number in the vicinity of Cape 
Whittle during August 1933, and reealling similar 
occurrences in 1921, 1923, and 1929, concluded that 
the birds had “sallied forth to the bare hills and 
islands of the outermost coastal region after the con- 
clusion of their breeding season in the partly forested 
interior north of this shore.’ Frazar (1887) also 
saw several broods with their parents at Eskimo 
Point the first week in September. Although not 
seen by Low (1895) on his expedition to Lake 
Mistassini and other parts of interior Quebec north 
of the St. Lawrence, and in the apparent absence of 
reports of later date, one may nevertheless imagine 
that it is a not uncommon summer resident in much 
of the lake country. 

NuMBER OF MIGRANTS AND THEIR ORIGIN 

Without drawing upon this great western interior 
reservoir, enough nuthatches are probably raised in 
southern Labrador to provide the numbers believed 
to migrate across Anticosti to the Forillon, were all 
of them to follow that route. But the Labrador pop- 
ulation undoubtedly also contributes migrants to areas 
farther west. Some of them may be expected to 
follow the north shore of the St. Lawrence south- 
westward at least as far as Pointe des Monts where 
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they can see across the river to the Gaspé shore. That 
these birds, accustomed to this north shore route, 
would even there cross the river by day may seem 
improbable in the light of their observed hesitancy 
to span the narrow Bay of Gaspé; they might ascend 
to the narrows of the Quebee city region before 
crossing. 

At any rate, the Labrador population would be re- 
duced by any component that thus turned westward. 
It would be further reduced by any that might cross 
the Gulf to the east of Gaspé. Occurrence of nut- 
hatches on the Magdalens suggests that this route is 
used. In order to account for the numbers that reach 
the Forillus, we may therefore suppose that some of 
them originate in the interior of Quebee and pass 
southeastward to Anticosti, joining the Labrador 
contingent. 

In 1936 at least 1,625 nuthatches passed westward 
behind Grande Gréve in August. These birds nest 
almost entirely in woodland, of which there were 
then about 2,560 acres on the Forillon. If the average 
family numbered six, and these nuthatches had all 
bred, or been reared, on the peninsula, 271 nesting 
pairs would have occupied on an average 9.5 acres 
per pair. This is small in comparison with the 24 
acres per pair of Sitta carolinensis found near Ithaca, 
New York, by Butts (1931). Such a dense popula- 
tion could not have escaped notice. But not more 
than ten birds were seen or heard until August 14 
when the dispersal began. Therefore, it was assumed 
that most, if not all, of the migratory nuthatches 
entered the Forillon from other regions. 

It is possible, and even probable, that a small pro- 
portion bred on the northern slopes of the Appa- 
lachian Mountains facing the St. Lawrence River west 
of Cap des Rosiers; that they migrated eastward and 
then southeastward into the Forillon over Line 8. A 
few individuals were observed so to enter at Station 
B. Such birds may, however, have passed southward 
across the St. Lawrence River and landed west of the 
Forillon. 

But since none of these was seen to proceed farther 
eastward, and since all nuthatches noted on Lines 1-7 
(Fig. 3) were certainly working westward, it is in- 
ferred that they had migrated from Anticosti. This 
island lies to the north and northeast of the Forillon. 
It is 145 miles long and 40 miles wide in the center, 
quite large enough to support a considerable avian 
population of its own, and undoubtedly receives mi- 
grants from Labrador. 

The eastern end of Anticosti lies 110 miles farther 
east than does Cap Gaspé, and the western end .20 
miles east of it. The Forillon, therefore, lies in the 
path of migrants pursuing a southerly or southwest- 
erly course from the island. From the cliffs of the 
peninsula on days of good visibility Anticosti can 
plainly be seen stretching far along the northern ho- 
rizon. Birds from the slopes of the western half of 
the island could under these conditions see the north- 
ern mountains of Gaspé and the Forillon while mi- 
grants leaving the eastern parts and flying at moderate 
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heights might pass southward over the Gulf without 
sighting Gaspé. 

It is unlikely that many Newfoundland birds fol- 
low so westerly a course as to reach Gaspé. 

The total number of Sitta seen migrating out of 
the Forillon in 1941 was 5,675. On some mornings 
the flight continued beyond the observation period, 
so that an estimate of 7,500 for the year seems not 
unreasonable. Assuming a very conservative average 
of 5 birds (2 adult + 3 young) per family, 1,500 
nests would have been built. The breeding popula- 
tion of red-breasted nuthatches throughout north- 
eastern Gaspé is very sparse. In contrast to a density 
of 14 pairs of Sitta carolinensis per square mile in 
the above mentioned area near Ithaca, New York, 
found by Butts (1931), on the Forillon (1936-41) the 
area per nest of canadensis varied from 5/6 to 2 
square miles, averaging about 1 1/6 square miles. On 
this basis the 1,500 families would have occupied 
1,286 square miles. 

Now Anticosti has nearly three times this area 
(3,750 sq. mi.) but the published records of S. cana- 
densis from the island indicate a population too low 
to provide all of these migrants. Braund and Me- 
Cullagh, in the period June 16 to July 1, 1937, saw 
only 6 nuthatches, possibly 3 pairs, although their 
account rather suggests that fewer than 6 individuals 
were seen, some of them more than once. The area 
studied being some 10 square miles of suitable habi- 
tat, the average area for each of two breeding pairs 
(one each at Fox Bay and Eel Falls) may have been 
nearer 5 than 2 square miles, or 750 families for the 
whole island. These would have provided only as 
many nuthatches as migrated through the Forillon in 
1941. And since a considerable area of southern 
Anticosti supports only moss and low alders, ete., the 
above estimate of the Sitta population must be fur- 
ther reduced. 

Considered from the geographical point of view, it 
appears very unlikely that all the nuthatches native 
to this island would migrate to the Forillon. In the 
first place, most of the island lies to the northeast- 
ward. In the absence of any direct observations as 
to the direction followed by Sitta leaving Anticosti, 
one may assume that it is in general southward. Its 
presence as a breeding species all around the Gulf 
of St. Lawrence, that is, in Gaspé, New Brunswick, 
Prince Edward Island, Cape Breton, Newfoundland, 
and, interestingly enough, on the Magdalens (Bishop 
1889), indicates that it rather freely crosses the Gulf. 

In the second place, only those hirds leaving the 
western half of Anticosti’s south shore would ever 
see the Gaspé coast unless they took a southwestward 
course. As already stated, several miles of Anticosti 
behind Southwest Point is visible from the cliffs of 
the Forillon. The shortest distance, 44 miles, lies be- 
tween the Point and Griffon Cove on the Gaspé coast, 
some 10 miles west of the Forillon. ‘t is quite con- 
ceivable that birds filtering out of Anticosti’s western 
forests may follow the shore to Southwest Point, and 
cross from there to Gaspé on clear mornings when 


visibility is good. Nuthatches reaching more easterly 
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points of the Anticosti shore, whose trend is less 
southerly, may miss the Forillon and make landfalls 
south of Gaspé Bay, or in New Brunswick, Prince 
Edward Island, or Cape Breton. 

It is probable, then, that many of the nuthatches 
observed on the Forillon had left the Quebee shore of 
Labrador, crossing by sight the 20 mile channel to 
Anticosti. Significant are Dr. Lewis’s July and Au- 
gust observations of Sitta on the Mingan Islands only 
16 miles north of Cap de Rabast. Migrations through 
Anticosti is indicated also by their relative abundance 
there in August as compared with earlier months. 
Although A. E. Verrill in 1861 reached the island 
June 25, he remained through August. His comment 
on the occurrence of this species there is merely 
“eommon.” Probably he had in mind the conspicuous 
numbers of August rather than breeding birds of 
June. According to H. F. Lewis (1924), W. S. 
Brooks found Sitta common at the western end of 
Anticosti during August and September. Again C. E. 
Dionne (1920) recorded it as common. On the other 
hand, during the breeding season it has seldom been 
seen. Lewis saw two, perhaps the same pair, on 
June 14 and 15, 1922. Braund and McCullagh (1940) 
recorded but six at the eastern end of the island dur- 
ing the period June 16-July 1, 1937. Furthermore, 
Lewis’s observations in southern Labrador, mentioned 
above, and the report of Frazar (1887), who “saw 
several broods with their parents at Esquimaux Point 
the first week in September,” give us a picture of 
migrants ready to move southward. 

Against the conception that, from Anticosti, these 
birds would instinetively take the shortest route to the 
mainland—southwest—we have very little evidence of 
their migration west of Cap des Rosiers; no nut- 
hatches have been detected between Fame Point and 
Cap des Rosiers among the thousands of warblers that 
each. fall move southeastward along this section of 
the Gaspé coast into the Forillon. Even in the 
mountains behind the shore but few have been seen, 
and these late in the season. 


EVIDENCE AS TO WHERE AND WHEN SITTA 
ENTERS THE FORILLON 


Although it has been shown that a migration from 
the north aeross Anticosti is possible, and even prob- 
able, the evidence should be weighed before conclud- 
ing that it does oceur, and if so, how important it is. 

1. No nuthatches have been seen nor heard actually 
entering the slender little peninsula, either from the 
Gulf at the edges of the sea cliffs, or, except in a 
few instances late in the season, overland at its base. 
To be sure, the chance of seeing any bird make a 
landfall along the cliffs is small. I have vainly spent 
many hours along the northeastern cliffs in the hope 
of witnessing such an event. The dense growth of 
spruce and fir crowds upon the brink so as to permit 
only restricted view. Passerine birds of many species 
have been seen in trees and shrubs within a few feet 
of the edge, but without conclusive evidence that they 
had just come in over the Gulf. 
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At the base of the Forillon. en the other hand, 
observation is easy. Thousands of warblers were seen 
entering from the woodlands on the west. But never 
a nuthatch accompanied them during the heavy migra- 
tions of this species. This would indicate an influx 
elsewhere, probably along the northeastern cliffs. 

2. Sitta has been seen passing westward out of the 
Forillon, in great numbers during the first two hours 
of daylight, in lesser abundance during the forenoon, 
and rarely in the afternoon. The inference may be 
drawn that the majority of them had arrived at some 
time before dawn, either during the night or preced- 
ing day. The latter alternative seems improbable in 
view of the absence or dearth of the species on the 
peninsula in the afternoons of days preceding strong 
morning departures at Grande Gréve. For example, 
on the afternoon of August 13, 1941, only four indi- 
viduals could be found in the terminal quarter of the 
Forillon, but at the following dawn Sitta began 
moving northwestward at 4:55 in the same region. 
By 5:10, thirty-four of them had passed my station 
situated about 100 meters south of the cliff edge near 
Seal Reef (Fig. 1). Having thus assured myself 
that a migration was under way, I left for Grande 
Gréve. Here a good exodus westward was apparent 
from 6:30 to 7:00 A.M. Returning to the center of 
the Forillon back of St. Augustin at 9:45, I saw 5 
nuthatches pass westward between 10:30 and 11:00, 
and about 50 more from 11:15 to 12:00, an unusual 
number for mid-day. Had I spent the entire morning 
along the Cape Road at Grande Gréve I should prob- 
ably have seen several hundred of these birds leaving 
the Forillon. Apparently but few were present the 
preceding afternoon. It seems more likely that they 
arrived during the night, and started up the Forillon 
at dawn. Supporting this view are the observations 
that few can be found near the tip of the Forillon 
at dawn, that more appear at points west later, and 
that by far the greatest number are seen passing 
westward behind Grande Gréve. 


TABLE 1. Arrival of earliest large groups of Sitta 
canadensis at Grande Gréve in relation to sunrise. 





| l l 
| Time After 


Date | Number Time Sunrise 
| | 
August 7/41 | 26 6:07 A.M. | + 65 min. 
31 6:33 
32 | 6:58 |} + 115 min. 
13/41 : | 68 | 5:40-:41 + 30 min. 
27 | 5:45 
39 | §:49-:51 
25 | 6:18 
" (5A. 79 | 6:18 + 65 min. 
| 120 | 6:19-:23 
| 423 6:24-:27 
| 49 | 6:33-:36 
90 | 6:48-:50 
66 | 7:29-:30 
oe! | ee | 35 | 531 + 15 min. 
63 | 533 
| 157 5:46-:50 + 30-35 min. 
148 5:51-:56 | + 40 min. 
can, |’ | Ee 64 5:45 | + 30 min. 
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The earliest large groups arrive there at least fif- 
teen minutes after sunrise; for example, August 18, 
Table 1. On all these mornings the first arrivals at 
Station A (Grande Gréve) came in smaller groups. 
These may have (a) landed recently upon the western 
part of the Forillon and turned at once westward 
without receiving an increment from farther east, or 
(b) landed early in the preceding night, or even the 
afternoon, and proceeded up the Forillon before 
others had been able to join them. 

The probability that they arrived during the night 
is strengthened by similar westerly dawn movements 
at Grande Gréve on many other days and at observa- 
tion points elsewhere on the Forillon. 

As they approach the Cape Road they usually can 
be heard while 100 yards distant. A typical record 
made on July 16, 1941, illustrates the numbers and 
time intervals at which they eross the road: 


6:12 A.M. 3 6:31 3 
6:15-16 17 6:43 8 
6:18 5 6:45 2 
6:19 1 same point 6:47 9 

-19- 9 8 5D 9 
aa 3 200 ft. from last Bie : 
6:26 2 7:06 2 
6:30 2 7:08 2 


Dawn was evident at 4:00, yet the first of these nut- 
hatches reached the Cape Road over two hours later. 
Assuming that they had become active soon after 
dawn, they might have been feeding and moving 
westward for two hours, a period sufficient to have 
carried them the full length of the Forillon. It is 
more likely that, having arrived from Anticosti, they 
started from some intervening point. 

The slow progress often noted in the passage of 
these small groups is exemplified by observations 
made on August 24, 1941. The first nuthatch eall 
was heard from Station A at 5:04 A.M. as a small 
flock approached along the forest margin (Line 4) 
east of the Cape Road. By 5:20, when the sun rose 
out of the sea, these birds had progressed only 300 
meters. On another day, when 988 left Grande Gréve 
between 5:33 and 6:57 A.M., I could not be sure 
that nuthatches farther down the Forillon also began 
moving westward at dawn, but such probably oc- 
curred, for upon my arrival at Indian Cove at 10:30 
a movement in every way similar to that of the 14th 
recorded above was apparent. 

One should be mindful of the slow rate of flight 
possible to these little birds. They probably seldom 
attain a speed of 20 miles per hour. Even at this 
rate, their passage from Anticosti to the Forillon 
would require 214 hours. So those seen at dawn must 
have left the island in darkness or late on the pre- 
ceding day. On days of strong movement the whole 
complexion of their morning appearance at Grande 
Gréve indicated an arrival on the Forillon during the 
night, rather than at dawn. Their small size and 
weak flight should lead them to undertake passage 
over large bodies of water by night rather than by 


day. A nocturnal ‘crossing would be expected also 
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from their strong reluctance to leave the Gaspé shore 
by day. 

Nevertheless, as suggested earlier, the Forillon be- 
ing visible from Anticosti on clear days, small birds 
might be tempted to make the 45-mile flight at dawn 
or even later. Lest I be judged as overzealous in 
building up a ease in favor of nocturnal migration, 
let it be admited that certain observations can be 
adduced in support of daylight arrival of nuthatches 
on the Forillon. They have repeatedly been observed 
near the northeastern cliff margin several hours after 
dawn. Some of them were quietly feeding without 
progressing in any particular direction. The major- 
ity, however, did work westward. Still, there were 
at times, in the terminal half of the peninsula, a few 
that moved eastward from tree to tree toward Cape 
Gaspé. This behavior was in agreement with that 
of warblers that were seen entering by day at the 
west end of the Forillon, and of others passing south- 
eastward to the tip, there to turn back. One may 
therefore imagine that these few nuthatches, instead 
of being the residue of the previous night’s influx, 
content to spend the day feeding, had crossed by day 
from Anticosti and at first moved southeastward. 

Again some of those groups seen moving up the 
peninsula in the forenoon, or later, may have landed 
and turned westward after, or without, first 
visting Cape Gaspé. One of the largest of such 
groups was observed August 17, 1939, feeding slowly 
back and forth from tree to tree in the valley near 
the center of the Forillon. This loose flock was kept 
in view from 11:45 to 12:15, when it began a more 
rapid westward progress. More striking, because of 
the greater directness of their passage 
through the trees, was a succession of small groups 
totaling about 50 birds that were noted in the coulée 
behind Indian Cove between 1:25 and 2:00 P.M. on 
August 20, 1939. During this period 16 myrtle war- 
blers followed the same route. Together, these birds 
impressed me as having just come obliquely down the 
forested slope from the cliff margin. And only 50 
meters from this margin, at a point one half mile 
farther east, on September 30, 1940, three groups of 
nuthatehes also worked obliquely inward—in other 
words, southwestward, as though they were continuing 
through the trees the line of their approath to the 
cliffs over the Gulf. 

There is evidence from other sources that Sitta, at 
least occasionally, migrates diurnally across the Gulf 
of St. Lawrence. Several have come aboard ships. 
C. W. Townsend (1913) writes, “None were seen on 
shore, but on August 11, 1912, off Moisie (Labrador), 
five of this species, one adult, the others immature, 
came on board the steamer in a fog and remained on 
board two. days.” Three questions at once arise. Did 
the birds reach the ship in daytime? Did they leave 
it by day, and in what direction? None is definitely 
answered in Townsend’s account, but apparently he 
inferred that they did reach the ship in daytime. Of 
course in this instance the fog confused the birds, and 
renders the evidence uncertain. Palmer (1890) “eap- 
tured a young bird with a dip-net, on board, when 


by day 


westward 
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about 12 miles south of Natashquan Point, Labrador, 
on August 9 (1887). One may assume that this feat 
was performed during the day, but not necessarily 
that the nuthatch boarded the ship then. At a time 
when, Dr. H. F. Lewis (1925) was noting small num- 
bers of nuthatches on the southern Labrador shore at 
Harrington, August 15-19, 1923, he was told that 
several came aboard the S. S. “Labrador” on August 
18, between Mutton Bay and Bonne Esperance, off 
the same coast. 

On the whole I feel that the weight of the evidence 
favors a nocturnal migration from Anticosti, and 
that, with few exceptions, the nuthatches that reach 
the Forillon are a part of this movement. Failure 
to detect this approach and arrival by night is not 
surprising in view of the small size and weak eall 
notes of the nuthatches. Studies to this end were 
conducted off the Forillon by boat and by night vigils 
along the cliffs. Only thrushes and shorebirds were 
heard. The lighthouses at Cap Gaspé and Cap des 
Rosiers, being of the revolving type with intermittent 
beam, seldom attract birds. 


MOVEMENTS OF SITTA IN THE REGION WEST OF 
THE FORILLON 

The foregoing discussion has dealt almost entirely 
with the occurrence and behavior of this species on 
the Forillon during spring and summer. It has em- 
phasized the westward migration of thousands of 
nuthatches into the main part of the peninsula, as 
well as the extraordiniarily few seen passing from 
the latter into, or even toward the Forillon. It re- 
mains both to trace westward the numbers that left 
it, and the small numbers that approached or entered 
it from the west. 

Considering first these eastward bound birds, it 
may be recalled that within the Forillon itself a 
few individuals were observed, especially near Cap 
Gaspé, working eastward. To these may be added 
the following instances that were noted late in the 
season. On October 1, 1940, from 5:35-6:05 A.M., 
two nuthatches fed definitely eastward across the 
Portage ravine at the base of the Forillon, giving the 
impression that they had just come in from the north- 
west at the Cape Lookout (Sta. B). Several hermit 
thrushes worked along the ground beneath them, and 
in the same direction. Again on October 12, 1940, 
tive Sitta moved slowly eastward through a grove of 
spruces between 1:02 and 1:30 P.M. From 2:20- 
2:25 a group of about ten birds passed more rapidly 
westward through the same trees. It is interesting 
to imagine that ‘the first five had met the second 
group and joined them to leave the Forillon. 

Farther west in late September and October, 1940, 
there was some evidence of movement toward the 
Forillon. On September 30 twenty-three were seen 
here and there along the wooded talus slope beneath 
St. Alban’s cliffs. Such movement as could be de- 
tected was directed toward the Station B where so 
many warblers and other species have been seen enter- 
ing the Forillon. Next day a definite eastward trend 
was observed in the mountains eight miles away, 
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south of Griffon Cove (Fig. 1). Between 11:30 and 
3:45 some fifty nuthatches in small groups fed slowly 
through the trees. The last and largest flock, fol- 
lowed from 3:50 until 4:10, took flight across the 
Griffon Cove Portage and passed eastward out of 
sight. 

Again, in the mountains where the main highway 
(Route 6, Fig. 1) crosses from Gaspé Bay to Cap des 
Rosiers, about four miles west of the Forillon, a two- 
directional movement of Sitta occurred on October 
12. North: of the divide all but one of thirty-six 
seen passed eastward, while along the crest of the 
lower ridge on the south side all were travelling west- 
ward (Fig. 1, y). It is along the forest margin on this 
ridge that birds of all species chiefly pass on their 
way up the peninsula north of the bay after leaving 
the Forillon. Never during many days of watching 
have I seen a nuthatch fly eastward here. 

Those Sitta seen west of the Forillon moving east- 
ward late in 1940 may have originated in a different 
region from that of the numerous early migrants 
recorded in this paper. 

Turning now to the thousands seen passing west- 
ward behind Grande Gréve, all ascended into the 
higher lands. The majority worked through the wood- 
lands on the south slope of Peak IV, Figure 2, but a 
considerable number were traced through the coulée 
north of it. Observations at many points farther 
west indicate clearly that the nuthatches, at least by 
day, migrate through the mountains. Most of them 
keep to the southerly slope and are concentrated on 
the spur ridge mentioned (Fig. 1, vy). But a consid- 
erable number, readily observable crossing Route 6 
at X, follow the top of these terminal Appalachians. 
Very few westward-bound birds seem to be deflected 
upon the northern slopes. The same may be said of 
their behavior above Cap-aux-Os and at the Griffon 
Cove Portage and vicinity. As an exception here, 
four individual nuthatches were seen on the morning 
of September 23, 1940, migrating westward with 
myrtle warblers across the brook south of Griffon 
Cove. 

West of this line my records of Sitta are very 
few. None was seen during three mornings of watch- 
ing along the Fox River Portage above the head of 
Gaspé Bay (Fig. 1, z), although the westward move- 
ment of myrtle warblers was readily observable there. 
Nor were they noted along the Dartmouth River and 
estuary where other species crossed to the southward. 
On a dozen or more trips up the York River, some- 
times to a distance of 60 miles, and during periods of 
daily observation about Gaspé Basin, the York estu- 
ary, several weeks’ study of the St. John estuary, and 
half a dozen exeursions up that river, as well as many 
days spent in the region between Douglastown and 
Pereé, I have seen or heard only 9 nuthatches in six 
seasons. I hope some day to trace them beyond the 
hills above Cap-aux-Os, into which the groups thus 
far followed have disappeared. 

CONCLUSION CONCERNING ENTRY 

The over-all picture already drawn shows some 

8,000 Sitta passing out of the Forillon at Grande 
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Gréve during July and August, 1941, and continuing 
northwestward chiefly on the southern erest of the 
mountains. None has ever been seen to cross Gaspé 
Bay nor to fly out over the Gulf. All that have 
been observed near the tip of the little peninsula 
have turned back. The evidence, even in the fall, 
of entrance to the Forillon from the west is very 
slight, as though a few had followed the north- 
ern margin of the forests southeastward behind Cap 
des Rosiers, to eross through the break in the eliffs 
at Cape Lookout (Station B) into the Portage valley 
behind Grande Gréve. The great majority are be- 
lieved to reach the Forillon from the north across 
the Gulf of St. Lawrence, presumably during the 
night. . 

Later studies may determine their main path be- 
yond Gaspé Bay, whether it be westward north of 
the Dartmouth River, or, as appears true of warblers, 
thrushes, and other species, along the valleys of the 
York and St. John. 


DISPERSAL 
DISPERSAL IN RELATION TO NESTING 

Apparently nuthatches may leave Gaspé as soon as 
the young are able. Indeed, a family under observa- 
tion at Grande Gréve in 1941 left the nest on July 12 
and could not be found the following day. They 
may be assuméd to have forsaken the Forillon, for 
on the 5th three small groups, and on the 16th fifty 
Sitta passed through in the year’s first migratory 
movements. At the same place in 1939 possibly the 
same pair had been seen daily from June 26-30. There 
were signs of their dispersal on July 2-3. No more 
were seen until the 15th when a single nuthatch with 
peculiar veice passed through in the van of a suc- 
cession of small groups in the following days. Judg- 
ing from nesting records in sovthern Canada and the 
northern United States, most of the voung reared as 
far north as Gaspé have left their nests by mid-July. 

The question arises as to whether this species, 
usually regarded as erratic in its dispersal movements, 
may not after all exhibit a rather regular tendency 
to leave its breeding grounds after the nesting season. 
Such records as are available indicate that red- 
breasted nuthatches in variable number pass the win- 
ter in southern Canada from the Maritime Provinces 
(Morrell 1899, Fleming 1907) to southern British 
Columbia (Macoun 1909: 713, 715). Farther north 
it is migratory. At Wood Buffalo Park in northern 
Alberta and southern Mackenzie near the limits of its 
range, Soper (1942) found it distinctly so, and en- 
tirely absent in winter. His observations of fall mi- 
grants there suggest that similar late movements may 
occur in the northern forests of Quebec, thus account- 
ing for the September and October migrants noted in 
Gaspé. Since nesting dates are lacking for these 
northern regions, one ean draw no safe conclusions 
as to the length of the period elapsing between com- 
pletion of nesting and departure for the south. Even 
in Gaspé definite determination of this period would 


require banding. The instance cited above, and a 
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few other observations, indicate that dispersal may 
be immediate. 

One would like to know the direction, distance, and 
rate of movement for such dispersals. For indi- 
vidual birds these facts cauld be determined only by 
banding. In the case of the nuthatches reared on 
the Forillon the direction followed in leaving their 
nesting grounds is doubtless the same as for the mi- 
grants that pass through, that is, to the northwest 
along the slopes and forested highlands. 

DIsPERSAL Beyonp GASPE 

As stated above my observations have established 
the general route of nuthatches to the region imme- 
diately north of the Bay’s head. Few of them have 
been detected beyond Gaspé among other migrant 
species that follow the valleys of the York and St. 
Jean rivers westward. That they may ascend the 
Dartmouth River, which enters the northwestern arm 
of Gaspé Bay, and at the source of the river cross 
the divide southward into the York’s watershed, is 
suggested by my records of two small flocks of Sitta 
seen among hundreds of robins that followed this 
route in the fall of 1941. My own studies confirm 
the belief of lumbermen and hunters that the robins 
work southward into the Bonaventure River valley, 
feeding upon blueberries that grow abundantly in 
the extensive “burns” left by forest fires about the 
headwaters of the York and St. Jean. Although 
such food would not attract nuthatches, they may, as 
on the Forillon, follow the margins of these burned 
areas by day, feeding upon spruce and fir seeds as 
they go. Beyond this mere speculation is possible; 
we know only that, irregularly, autumn invasions of 
New England oceur, presumably from New Bruns- 
wick and southern Quebec. From Ontario Swales & 
Taverner (1907) and others have recorded hundreds 
passing southward toward Ohio at Point Pelee. 

From Gaspé To New ENGLAND? 

The view that nuthatech movements in Gaspé bear 
some relation to those of New England seems sup- 
ported by a comparison of my observations in the 
north with records, Table 2, taken from the Bulletin 
of New England Bird Life. 

Considering New England as a whole, a positive 
correlation with the numbers passing through the 
Forillon may be conceded for the years 1936, 1937, 
1941, and 1946. If the comparison be made only 
with eastern Massachusetts, we may add 1938, when 
few were recorded. The fair migration of 1939 seems 
not to have reached New England, but the great 
Gaspé movements of 1937 and 1941, if not actually 
contributory to the large fall and winter populations 
recorded in Massachusetts, at least showed that this 
great Canadian population was dispersing. 

In this connection it should be pointed out that the 
red-breasted nuthatch breeds commonly in Maine, 
except the southern portion, in northeastern New 
Hampshire, and in the Adirondack Mountains of 
New York. Undoubtedly some of these regions con- 
tribute to the notable flights that occasionally invade 


southern New England. Forbush may have had 
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TABLE 2. Comparative abundance of migrating Sitta 
canadensis in Gaspé and New England. 





Gaspé New England 


No flight this fal!; a few 
stragglers. 


1936 Moderate numbers be- 

ginning Aug. 15., great- 

est numbers Aug. 22. 
Total 750+ 


Big autumn flight. Many 


wintered. 


1937 Large numbers, Ist on 
July 13, 785 on July 21. 
Total 2726+ 


Many at Wells River, Vt., 
Sept. 23-Oct. 7. Common 
throughout Conn. Valley in 


1938 Few migrants; greatest 
number 27 on Aug. 6. 
Total 198+ 


Mass. and Conn. Few in 
eastern Mass. 
1939 Moderate flight, Ist on Weak fall flight. 
July 22; peak, 296, Aug. 
12. 
Total 1091+ 
1940 Rather weak fall flight Small numbers in eastern 


Mass., more in Conn. Valley. 


beginning Aug. 21; ma- 
j Good late flight. 


jority in Sept. and Oct. 

Total 765+ 
Strong flight; first birds 
reached central Mass. on 
Aug. 13, increasing to peak 
in mid-September. 


1941 Great migration, begin- 
ning July 16; peaks, 
Aug. 15(1177),19(988), 
21 (486). 

Total 5675+ 


Maine as well as Canada in mind when he wrote as 
follows (vol. II, p. 362): “A few appear in southern 
New England every year as some breed here, but 
when the cone trees of the Northland fail to produce 
a crop of seeds and those of southern New England 
produce abundantly, we may expect a multitude of 
Red-breasted Nuthatches. In such years some begin 
to appear in southern Maine by the second week in 
July, and the fore-runers of the flight reach Massa- 
chusetts in the latter part of that month, becoming 
rather common here by late August or early Septem- 
ber. This was the case in 1921, and again in 1923 
there was an early migration, the birds crossing the 
St. Lawrence River in August and arriving at Nan- 
tucket Island, Massachusetts, by the 30th of that 
month.” The 1921 invasion reached Rhinebeck in 
southeastern New York on August 11, the earliest 
date of arrival in Dutchess County up to that time. 
But these migrants may have come from the Adiron- 
dack Mountains where they commonly breed. 

The movement of Sitta through the Forillon was 
first noted on August 14, 1939, July 13, 1937, July 
30, 1938, July 22, 1939, August 2, 1940 (weak; first 
distinet flight on August 27), July 16, 1941, August 
1, 1946. These dates on the whole are sufficiently 
early to strengthen the possibility that the waves 
of nuthatches that traverse Gaspé may reach New 
England on those cited above by 
Forbush. 

In southern New England the red-breasted nuthatch 
is chiefly a migrant whose numbers vary greatly from 
year to year, supposedly due to differences in breed- 
ing success and amount of food farther north. The 
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same is true of states as far west as Minnesota and 
Missouri. Whenever appreciable numbers have win- 
tered in these regions there seems to have been an 
abundance of cones whose seeds provide their prin- 
cipal food. 

Spring migrants are usually recorded as “few” 
compared wtih those that passed southward in the 
preceding autumn. This led J. T. Nicholls (1918) to 
select this species as typically i!lustrative of “centrif- 
ugal” migration in which great numbers of birds at 
times leave their breeding areas but become dissi- 
pated, most of them failing to return. There are, 
however, sufficient records of spring transients to 
warrant the belief that a fair proportion do return 
to northern breeding grounds. It must be remem- 
bered that winter losses are considerable in all migra- 
tory species. Furthermore, these nuthatches are in- 
conspicuous and may pass unnoticed. 

Potentially the entire spruce and fir forest of Can- 
ada and the United States may be regarded as the 
breeding range of this species. In such well-studied 
regions as northern Maine, the Adirondack Mountains 
of New York, northern Michigan, and Minnesota it 
is known as a common summer resident. This is true 
also in many parts of Canada; in other regions 
within the coniferous forest careful observation would 
probably reveal this nuthatch. In eastern Gaspé I 
have found it nesting sparsely each year from 1936- 
1941, and again in 1946. The ease with which it 
may be overlooked among dense evergreens can be 
appreciated by anyone familiar with the conditions. 
A weak note and a glimpse of the tiny bird among 
the densely shaded branches, or upon the cones far 
above, may be the only advertisement of its presence. 
Even about the nest-hole silence is the rule. In the 
forest, as at our food-trays, it expresses little fear 
of human beings. 

Although records of winter resident nuthatches in 
Canada are not numerous it seems that such birds, 
plus returning spring migrants, succeed in maintain- 
ing adequate breeding populations. But there is 
abundant evidence that in some years the numbers 
of transients passing through localities to the south 
are much greater than in other years. The natural 
inference is that in certain breeding areas population 
pressure has been built up, forcing a dispersal. The 
dearth of banding records leaves the sources of these 
migrants conjectural. For those passing through the 
For:llon the origin has been judged to lie in Anticosti, 
Labrador, and Quebee. 

Migration Up THe St. LAWRENCE VALLEY 

A glance at the map raises the question whether 
migration of certain species may proceed southwest- 
ward up the St. Lawrence Valley. My observations 
in Gaspé have shown nuthatches, warblers, and robins 
working westward from the Forillon, along the north- 
ern shore of Gaspé Bay. Some of the warblers and 
robins at the head of the Bay turn abruptly south- 
ward across the mouth of the Dartmouth River and 
soon continue westward up the York. Many robins 
follow the Dartmouth to its headwaters before cross- 


Ecological Monographs 


STANLEY C. BALL Yo 1? era 


ing the divide into the York valley. As stated above, 
I have some evidence that robins drift southward 
here over the blueberry “burns,” the expectation be- 
ing that they eventually strike the southerly flowing 
3onaventure. Even were the birds last seen at the 
head of Gaspé Bay to continue westward through the 
Shickshock Mountains they would successively en- 
counter the upper watersheds of the Cascapedia and 
Matapedia rivers, whose steep forested valleys and 
intervening ridges in general trend southward. 

The only large streams leading northward from 
the central Shickshocks are the Madeleine, Mont 
Louis, St. Anne, and Matane rivers. Although no 
records of autumn migration down the two latter 
rivers toward the St. Lawrence are available, De- 
Mille’s studies showed that passerines descend the 
Madeleine and Mont Louis (p. 510). He also detected 
movement southward (upstream) in spring, as mi- 
grants that presumably had pushed northeastward 
along the St. Lawrence valley dispersed into the 
mountains. Suggestive of this autumn trend, on 
August 25, 1941, I found nuthatches and myrtle 
warblers moving northward along the east shore of 
York Lake in the early afternoon. In other words, 
they were passing up the York valley which here 
extends southward. 

Further observations on the migration of birds 
through southern Quebee must be recorded before 
valid conclusions can be drawn as to the probable 
fate of these Gaspé migrants. Suggestive of a south- 
westerly trend in their flyway is Laing’s (1920) ex- 
perience farther west on the south shore of Lake 
Ontario north of Beamsville in autumn. He writes: 
“The course of migration here was from east to west. 
A great many birds followed the shore and it was 
plain very early in the season that this was a path- 
way....” Among these migrants a few red-breasted 
nuthateches were noted on September 2, 8, and Octo- 
ber 4, 1919. 

At Streetsville, Ontario, about seven miles north- 
west of the western end of Lake Ontario, Mrs. Mar- 
garet H. Mitchell, as the result of many years’ 
observation, reports (in litt.) the general trend of 
autumn migrants as southwestward, and that this cer- 
tainly is true of red-breasted nuthatches and myrtle 
warblers. Extracts from her journals for the years 
1941-1946 record especially strong movements of nut- 
hatehes on September 12, 1941, the year of greatest 
abundance in Gaspé and in New England. Reference 
to a map of the Province at once suggests that these 
autumn migrants would be directed further south- 
westward by Lake Erie to the southern tip of On- 
tario’s “funnel.” It will be recalled that many have 
becn observed passing into Ohio via Point Pelee, and 
into Michigan near Detroit. Presumably these birds 
originated north of the Great Lakes and the Saint 
Lawrence River. 

If, then, from published records, one tries to re 
construct the over-all picture of the paths and fronts 
of Sitta migrations into the United States, he finds 
evidence for the irregular invasion of New England 
from New Brunswick and Quebee, of New York from 
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Quebec, of Ohio from southern Ontario via Point 
Pelee, of Michigan, Wisconsin, and Minnesota from 
Ontario, and of more western states from contiguous 
Canadian provinces. 


CHRONOLOGY OF SITTA MOVEMENTS 


The evidence of migratory waves of nuthatches was 
stronger on the Forillon in some of the six years than 
in others. Not until August 14 was the first distinet 
movement ‘noted in 1936, but in all other years it 
oceurred between July 15 and 31, usually continuing 
for several days. In four years the second wave 
passed between August 6 and 8; the third between 
August 12 and 15 in five seasons; and a fourth be- 
tween August 27 and 31 in five years. Some distinet 
movements were noted on other dates, particularly in 
1941, when the second and third highest numbers 
passed on August 19 and 21. For periods after 
September 1 records made on the Forillon are in- 
complete; I left the region on August 30 in 1936; 
and on September 12 in 1937, 1938, and 1939. AI- 
though field work extended throughout September 
and October in 1940 and 1941, considerable time was 
spent in other parts of the peninsula. Rather heavy 
movements were noted in both years from September 


11-15, in 1940 from September 28-October 2, and 
again from October 12-17. 
The statements in the last paragraph concern 


“peak” days when the number of nuthatches seen was 
comparatively large. The minimum number regarded 
as significant in a year of scarcity, 1938 for example, 
might be 10, while in 1941, when some birds were 
passing nearly every day, it might be 50, or even 300 
during periods of abundance. A glance at the total 
yearly figures for July and August is illuminating— 
690, 2,726, 138, 1,082, 353, 5,356, respectively, for 
the years 1936-1941. 

The four periods or waves mentioned above brought 
strikingly different numbers.of nuthatches. Includ- 
ing only “peak” days, the total for the July 15-31 
period was 2,232; August 6-8, 751; August 12-15, 
2,615; and August 27-31, 431, again reflecting alter- 
nation between high and low numbers. Several pos- 
sible explanations come to mind; first, that each wave 
consisted of birds originating in an area different 
from the others; second, that different sexes and ages 
may have migrated at different times; third, that 
meteorological conditions were likely to be more 
favorable or stimulating at period than at 
another. 


one 


Concerning the first of these hypotheses, the only 
evidence at hand is the disappearance of the family 
of Sitta reared on the Forillon in 1941. They left 
July 12, when the first migrants began passing 
Grande Gréve. One might imagine that the earliest 
group comprised the majority of the Forillon and 
Anticosti populations, and the second group the re- 
mainder, while the third group included those from 
Labrador, and the fourth group the more distant 
summer residents of the northern interior. 


As to sex and age I ean say only that, as would 
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be expected, the great majority of migrating nut- 
hatches have been immature birds. No evidence of 
the seasonal segregation known in some species has 
obtained. It has appeared rather that some 
bands consisted wholly of young, while others in- 
Although no careful reeord of 
re groups the majority of 

have been noted, even 


been 


cluded a few adults. 
ages has been kept, no 1: 
numbers were adi 
among the early migran 


whe se 


>. WITHDRAWAL 
GROUNDS 


FACTORS THAT CA 
FROM BREED} 

What factors influence the nuthatches to disperse? 
Food certainly is important, but the cone crop in 
Gaspé always appears adequate for the population 
observed there at the end of the breeding season. 
Groups of cone-bearing trees never seem to be want- 
ing. Nevertheless, spruces are known to produce 
variable crops of cones, some years few, then a heavy 
vield every three to five years. In 1946 migrating 
nuthatches seen numbered only 117, the fewest in my 
seven years of observation. Perhaps an abundance 
of cones, evident in Gaspé, also extended widely 
through Canadian forests and helped in preventing 
an exodus of Sitta. Yet the movement of siskins 
proved the greatest of all years, and was reflected in 
the northeastern states (Figs. 5, 6). 

Since the seeds of spruce and balsam fir fall during 
the first autumn or winter they cannot directly de- 
termine in spring the nesting areas of birds. Adult 
nuthatches then subsist largely upon inseets and feed 
their nestlings entirely upon them. The waxy coated 
may, however, serve 


spruce blossoms conceivably 


(Brooks 1943). 

In 1946 Gaspé conifers bore an abundance of cones, 
yet the number of nesting nuthatehes was somewhat 
normal. It is only after August, when the 
seeds are sufficiently advanced, that thé crop would 
seem likely to influence the distribution of birds. By 
that time the abundance of caterpillars and other in- 
sect larvae has diminished so that the birds can be 
expected to turn to seeds as their chief food supply. 
If cones are not then available an exodus of nut- 
hatches from the nesting region may well follow. 


below 


Curiously enough, not only has migration of Sitta 
begun by the middle of July in certain years, but 
strongest waves have passed Grande 
Gréve during the first half of August. Perhaps, even 
before the seeds are grown, a seareity of green cones 
may influence the birds. 


some of the 


Another factor that might stimulate the birds to 
migrate is their tendency to flock. As soon as the 
young leave the nest they forsake their territories 
and may be found in family groups flitting to and 
fro through the forest. Although no union of two 
or more families has actually been witnessed in Gaspé, 
the complexion of migrating groups in times of abun- 
Although these flocks 
are neither so dense nor so large as in siskins, cross- 
bills, and other fringillids, still, within loose aggrega- 
tions of nuthatches, the activity seems to inerease 


danee suggests that it occurs. 
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with their size. In areas where the nesting popula- 
tion is unusually large the contact and union of 
family groups may be so frequent that playful chas- 
ing to and fro, and random flights from one group 
of cone-bearing trees to another, may incite the entire 
group to undertake a more extended flight—even 
migration. 

A third factor causing the great autumn move- 
ments of nuthatches may be nothing more than the 
innate tendency to migrate in response to external 
or internal stimuli as in typical migratory species. 
In Gaspé some movement has been observed every 
year, and the published records at least do not deny 
an annual southward shift in the population (Soper 
1942). There is little to indicate an autumn dispersal 
in other directions that might lead to adequate sup- 
plies of cones. In other words the conspicuous aspect 
of nuthatch migration may be a matter chiefly of 
numbers. 

Finally, the variation in numbers of Sitta passing 
through the Forillon from year to year, beside re- 
flecting varying degrees of reproductive success, may 
be due partly to differences in the proportion of 
migrants that follow this particular route. Only 
simultaneous counts in other localities, or banding, 
can answer this question. 


PERIODICITY 


Although my observations have been limited to a 
few years, the number of nuthatches that passed 
through the Forillon alternated regularly from low 
to high in successive years between 1936 and 1941. 
Again in 1946 the number proved to be very low, as 
it should if this oscillation continued during my ab- 
sence. But even if this regularity proves constant 
the movements could not be correlated with the cone 
erop. No figures are available to show either that 
there is an annual oscillation in amount of seed, nor 
that the three to five year peak recorded in forest lit- 
erature alternates with a very low yield that might 
account for the departure of such a great number of 
Sitta as observed in 1941. 

In view of the belief, expressed by Volterra, Lotka 
and others, that a predator-prey system will always 
tend to oscillate, the alternation in the numbers of 
migrating nuthatches from year to year [1936 (750), 
1937 (2,756), 1938 (198), 1939 (1,091), 1940 (765), 
1941 (5,675)] raises the question of possible’ preda- 
tors. It seems very unlikely that any known predators 
or parasites can account for the alternate year swing 
in numbers. Perhaps the answer lies in the failure 
of a considerable proportion of those nuthatches that 
migrate south to return to their northern breeding 
area the next spring, resulting in a smaller popula- 
tion that is less likely to shift southward in summer 
and fall, and that is therefore able to restore the 
numbers during the next breeding season. ; 

For future reference it may be pointed out that a 
four-year interval separated the two greatest migra- 
tion years, 1937 and 1941. In the latter year the 
numbers were so large that one wonders whether, in- 
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has a longer cyele that periodically brings about such 
an extreme dispersal. My absence in 1945 prevented 
observation of another expected fourth year peak; 
1949 may prove helpful. 

It may be noted that 1941 also brought from the 
Arctic to southeastern Canada and the northeastern 
United States a heavy flight of snowy owls (Nyctea 
nyctea). Many interesting reports (Gross 1927, 1931, 
1935, 1944; Chitty and Elton 1937; Shelford 1945) 
point to four-year and possibly eleven-year maxima 
in the population of this species, and to the correla- 
tion of its numbers with those of its prey, mice and 
lemmings. 

At present we lack information that would link 
the nuthatch to these eycles. Not only are further 
observations of their movements necessary, but more 
must be learned of their feeding habits, and of pos- 
sible periodicity in the fruiting of conifers and the 
insect populations in the northern forests. 

When my counts in Gaspé of other species that 
feed on cone seed are plotted with those of the nut- 
hatches, it appears that those of the purple finch 
(Carpodacus p. purpureus) agree well, and those of 
the pine siskin (Spinus pinus) fairly well (Fig. 5). 
But the alternation of the white-winged crossbill 












(Loxia leucoptera), though regular, is absolutely 
opposed to that of Sitta. 
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Fig. 5. Comparison of numbers of nuthatches with 


cone-eating fringillids in Gaspé; purple finch (Carpo- 
dacus p. purpureus), pine siskin (Spinus pinus), white- 
winged crossbill (Loxia leucoptera). 


ixcepting the drop in numbers of pine siskins in 
1941, Figure 6 shows rather close agreement in the 
relative abundance of red-breasted nuthatches, purple 
finches, white-winged crossbills, and siskins in New 
England from August to March during the years 
1936-1941. Exact figures are not available. The great 
peak in the curve for Carpodacus denotes a special 
phenomenon, the remarkable incursion of thousands 
in the late winter of 1939 (see Weaver 1940). The 
other three species are commonly termed errati¢ in 
their numbers, nesting areas, dispersal 
routes, and wintering grounds. Figure 6 suggests 
that all are influenced by the same factors that con- 
trol the transient and winter populations of Carpo- 
daeus in New England. 
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Fig, 6. Approximate autumn and winter abundance 
in New England of the four species shown in Figure 5 
during the same years at Gaspé. Data taken from the 
Bulletin of New England Bird Life, and from Weaver, 
1940. 


Comparison of Figures 5 and 6 supports the view 
expressed above that abundance of Sitta during sum- 
mer and autumn in Gaspé is correlated with abun- 
dance in New England shortly afterward. For the 
other species there is little correspondence. It may 
be pointed out, however, that in 1939 Loxia was 
searee both in Gaspé and New England, and that 
Carpodacus increased in Gaspé following the late 
winter incursion farther south in 1939. It also in- 
creased both in Gaspé and New England in 1941. 

For 1946, my first year in Gaspé since 1941, the 
relative umbers of siskins and nuthatches in the 
two regions seem to be in agreement, according to 
present information. Siskins in Gaspé were far 
more, and nuthatches less numerous than in any other 
year. 


METEOROLOGICAL FACTORS AND 
MIGRATION 


Coming now to meteorological conditions, it is cer- 
tain that, as in other species, in one way or another 
weather factors influence the movements of Sitta. 
With few exceptions days of notable migrations were 
fair with westerly winds. Were such weather con- 
ditions predominant during the periods defined above? 
An affirmative answer seems to be indicated by the 
following statisties. Of fifteen peaks that oceurred 
on single, or on the first of a succession of fair 
days, eleven fell within periods of abundance. Of 
twenty-seven peaks that immediately followed one or 
more fair days, twenty-three occurred within these 
periods of abundance. Only four peaks were ob- 
served on days when weather conditions seemed less 
favorable. That three of these days would fall within 
periods when abundance might have been predicted, 
and may be regarded as (1) weakening somewhat the 
conelusion that favorable weather is likely to prevail 
between such dates, or (2) as evidence that other in- 
fluences are responsible for the occurrence of strong 
migratory movements of Sitta during these periods. 
Before accepting or rejecting the importance of 
weather a clearer picture of the three less favorable 
davs should be presented. August 12, 1937, July 22, 
1939, and August 7, 1939, though considerably cloudy 
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and warm, were accompanied with light northwest 
winds, and a moderate west wind had preceded the 
last of these dates. One may be justified in regard- 
ing them all as rather more, than less, favorable for 
migration, and summarize the evidence supporting 
the hypothesis that weather is likely to be more favor- 
able in the periods of abundance under consideration, 
by emphasizing that of 46 days on which notable 
migration occurred 42 were distinetly favorable, that 
is fair, the other 4 partially so, and that 37 of them 
were included in the periods of abundance. 

The following analysis presents these facts in a 
somewhat different way, and brings out some other 
comparisons. Considering the month of August for 
the six years, 1936-1941, 38 out of the 69 days in- 
cluded in the three periods (of abundance) were 
meteorologically favorable—55 percent. If we omit 
1936 on account of incomplete data the proportion 
was 60 percent favorable. Outside of these periods 
41 out of 95 days, or 43 percent, were favorable. 
Further, 75-77 pereent of the favorable days within 
the periods showed good migration, against only 25 
percent outside the periods. This last statement must 
not be used as evidence in support of the thesis that 
more favorable weather for migration is likely to 
occur within these periods when nuthatches migrate 
in numbers; it merely states in different words the 
existence of such periods of abundance. 

Many students have discussed the correlation of 
meteorological factors with bird migration. Temper- 
ature, wind, degree of cloudiness, humidity, and at- 
mospherie pressure have been suspected of influencing 
the time, direction, and strength of the movements. 
Owing to correlations existing between these various 
factors, the difficulty of determining which of them 
exerts a major influence upon the birds remains to 
be overcome. 

Whatever they may be, these factors presumably 
are most important at the source of a migration; as 
Lineoln (1939: 52) has said, birds eannot foresee 
conditions at their goal. Except for relatively short 
movements the meteorological conditions at the area 
of origin cannot be safely inferred by a single ob- 
server noting conditions at the end of the flight or 
at points along the route. 

My own weather observations on the Forillon were 
supplemented by those of the Government Weather 
sureau stations at (1) Father Point, Quebec, on the 
southern shore of the St. Lawrence River 200 miles 
WSW of Grande Gréve; (2) Harrington, on the 
northern shore of the Gulf, 240 miles to the north- 
east; (3) at nearby Anticosti, and (4) at Gaspé. Be- 
ginning in the summer of 1939, war restrictions cut 
off information from these stations. In view of in- 
complete official weather records for the years 1936- 
1941, reliance must be placed chiefly upon my own 
observations. 

Their behavior on the Forillon convinees one that 
nuthatches seen there during migrations are enroute 
to regions to the west or south. Evidence presented 
above indicates that Anticosti island and the Labrador 


coast bevond are the immediate sources of these 
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migrants. Now southern Anticosti, visible on clear 
days, is only 45 miles distant, and Labrador but 50 
miles beyond. Hence the weather conditions pre- 
vailing on the Forillon at any time may be used in 
estimating the general conditions on Anticosti, if not 
on the Labrador coast. Since not much more than 
two hours should be required in the flight across the 
Gulf from Anticosti, the conditions there must have 


been much the same as those recorded over the 
Forillon. The latter are used in the following 


considerations. 

As stated above, with few exceptions the notable 
migratory waves of nuthatches have passed through 
the Forillon on “fair” days, when the sky was clear 
or but slightly cloudy, the wind from the west or 
northwest. Even in 1946, when the lowest observed 
number of Sitta (177) passed through the Forillon, 
the two largest movements occurred on days of fair 
weather with west winds—August 7, clear for the 
second day, temperature 13°, with 22 Sitta, and 
August 18, a single brilliant day after rain, temper- 
ature 12.5°, with 18 Sitta. 

TEMPERATURE 

Temperature on such days was usually lower. In- 
deed, in 1936 strong movement occurred only on 
mornings cooler than 10° C. A graph, convincing 
enough at that time, was drawn showing that the 
three distinct peaks in numbers of Sitta coincided 
with temperatures of 9.5°, 8.8°, and 7.5° on August 
15, 22, and 29. These mornings brought respectively 
about 200, 375, and 150 nuthatches. Only 18 were 
seen during the rest of the month, of which 10 passed 
on the 18th, temperature 8.8°, the lowest except on 
the peak days and one other, the 21st (9.4°). The 
latter immediately preceded the greatest movement 
of the month and may have provided part of the 
stimulus for it. 

In subsequent years observations have cast doubt 
upon the importance of low temperature as a factor 
influencing the migration of nuthatches. In 1937, a 
year of abundance, eleven of the thirteen peaks fell 
on days whose minimum temperature was 13° or 
higher. It was 11° on the other two days, both late 
in the month and with but moderate numbers of Sitta. 
Five of the largest waves passed on the warmest days 
of July and August, notably on July 21 (15°), and 
August 7, 8, and 12, each of which dawned with a 
temperature of 19.5°. Curiously enough the only 
two August days when the thermometer recorded less 
than 10° (8.5° and 7°) brought very few birds, even 
though they were cloudless and had westerly winds. 
The only real support in 1937 for the low temper- 
ature hypothesis was the very first day of unmistak- 
able migration, July 13. It was fair, with fresh west 
wind and a temperature of 9.5°, by far the lowest 
of the month. 

The 1938 season in general showed correlation of 
iower temperatures with migratory movements, but 
this evidence must be viewed in the light of a meager 
totat of 198 Sitta for the summer. The year 1939 


was a good one for nuthatches; 1,091 were counted. 
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But early morning temperatures were rather high 
(13.5°-19.5°) on twelve of the fourteen “peak” days. 
Of the two cool days one was late in the season, Sep- 
tember 10 (7°). The other, August 3, also dawned 
at 7°, but fell in a period of seven days (August 
1-7) all of which showed good movements of Sitta 
in sp:te of considerable variety in the weather condi- 
tions. The flights continued even through two cloudy 
mornings with south and southeast winds, and light 
rain on August 5. This period of seven consecutive 
days brought remarkably uniform numbers of nut- 
hatches—21, 28, 31, 23, 24, 29, and 60—as compared 
with 1, 1, 0 on the three preceding, and 6, 4, 8 on 
the three succeeding days. About the only evidence 
provided by the 1938 observations of the effectiveness 
of clear weather and westerly winds is found in the 
records of the two days of greatest abundance. By 
far the largest number (317) passed through the 
Forillon on August 12, when the sky was cloudless, 
the wind from the west, and the temperature 13°. 
August 24, another brilliant day with light northwest 
wind, and a 14° temperature, brought 85 Sitta. 

In 1940 I remained in Gaspé through October 27, 
but the total number of migrants was rather small— 
765 seen. Deducting 568 that arrived after Septem- 
her 12, we have only 197 to compare with the numbers 
in similar periods of previous seasons. During this 
relatively cool summer August had several clear days 
with westerly winds and temperatures below 10°, but 
not exceeding 9 Sitta on any one day. Somewhat 
stronger movements began on August 27, continuing 
through the 30th, with 14, 17, 16, and 55 birds. All 
were favorable as to sky and wind; the temperatures 
were 8°, 8°, 8°, and 10°, but appear less significant 
in the light of a low seasonal average. Furthermore, 
the warmest of these four days brought more than 
three times the number of Sitta recorded on any 
other day prior to September 12 (24 birds, 11°). Dur- 
ing the last half of September and the month of 
October, when the temperature curve was falling, the 
evidence again supports the belief that fair weather 
and west winds favor migration, whether the temper- 
ature be higher or lower. Thirty-two nuthatches were 
recorded on October 1 (temperature 3.5°), and 15 
on the 18th (temperature 1°). Migration practically 
stopped on the latter date. Cloudiness and temper- 
atures from 3.5° to —2.5° prevailed over the suc- 
ceeding nine days. The 19th brought the first snow, 
but only one Sitta, the 23rd, 13 birds, and the 24th, 
25th, and 26th, 1, 0, 0. 

Records for 1941 are especially interesting on 
account of the enormous numbers of nuthatches in- 
volved. The five July peaks could be cited as 
evidence that high, rather than low temperature 
stimulates Sitta to migrate. On the other hand, those 
of August are indecisive. 


Date Temp. Sitta 
PO PRO a siwisdsSuse peewee’ 16° 51 
BEES 55550 besos epee Sieey 16° 72 
oe ASS eee 19.5° 181 
ee eee 23.5° 397 
DIE iidiomaneaenen scene 21.5° 209 
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oe IPSs pag terse 12° 343 
BEER RE ios ince hw a Sek aes 8° 219 
ee err 9.5° 144 
0 GER AE a ceerre ere 10° 1,177 
Be aioe rae ere 8° 988 
ci it MIAN Sane ae ee are er 9° 486 
PED BO eb ais dai cedsletaies aaY 241 


Further, a tabulation of the data pertaining to the 
cight strongest migrations over the six years shows 
an even distribution as to temperature. Four occurred 
on days that dawned at 10° or less, and four others 
at 13° to 15°. 





Temp. Sitta Sky Wind 

1936 August 22 6.9" 375 Clear Moi. W 
1937 July 21 15.2° 805 Fair Light SSE 

August 15 13° 421 Clear Fresh W 
1938 August 6 15° 27 Fair Light W 
1939 August 12 13° 317 Clear | W 
1940 August 30 10° 55 Fair Light W 
1941 August 15 10° 1177 Ptly. Cldy. | Fresh W 

August 19 8° 988 Fair Fresh NNW 


Considering all the evidence we may conclude that 
neither low nor high temperature is the major factor 
stimulating red-breasted nuthatches to migrate. 

CHANGE OF TEMPERATURE 

The question arises as to whether or not change, 
rather than degree, of temperature may be the stim- 
ulus. One may assume that, in general, extremes in 
either direction represent changes. Now in them- 
selves these extreme temperatures within the migra- 
tory season have just been judged insufficient stimuli. 
Reviewing the evidence as to change, it appears that 
in 1936 the data for the peaks of migration and for 
the two days preceding each were as follows: 





TABLE 3. 
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waves of Sitta in 1937. 











Atmos- . : 
Date 1936 | phere | Temperature Wind Sitta Remarks 
August 13..| Rainy ( 18° South 0 
2.8 
14..| Fair |drop{ 12.2° Fresh NNW) “Several” 
§.5° 2.7 
Peak 15..) Fair 9.5° WwW + 200 Next day, 
rain, no Sitta 
August 20..' Clear 12° Strong W 1 
drop 2.6 
- 3.2°; 9.4° ? 1 
.6 
Peak 22.. 8.8° Mod. W + 375 Next day, 
rain, no Sitta 
August 27..) Cloudy ‘10° ? 0 
drop 8] 
28..| Clear |2.5°{ 9.2° Lt. W 2 
1.7 
Peak 29..| Clear a 2 WwW + 150 Next day 


Taken alone the drops (5.5°, 3.2°, 


significant. 


cloudy, warm- 
er, no Sitta 


2.5°) in temper- 
ature of these three periods might be regarded as 


But the data recorded in the following 
summer yield conflicting evidence (Table 3). 


Five waves of Sitta followed rises in temperature, 
two followed drops, and two passed with no change. 
Furthermore, a 1.5° rise was accompanied by an in- 


Date 1937 | Atmosphere Temp. Wind Sitta Change 
July 13 | Fair 9.5|Fr. W A few 
14 | Fair 12.5 ? A -fow 
15 | Ptly. Cldy. | 14.5 Ww + 50 | + 5.5 
16 | Rain Fe ? 0 | —7.2° (Rain 
July 19 | Ptly. Cldy. | 12 ? + 20 | —3.5°. clearing after rain 
20 | Fair 7.2 ? 0 4.8° 
21 | Fair 15.2 | Lt. SSE 805 | +8° SSE 
22 | Ptly. Cliy. by Calm 8 
July 23 | Fair 19 ? +195 
24 ‘Fair 17 Fr. W 4 
25 | Fair 18 NW 143 | +1° 
July 29 | Fair 14 Lt. W 25 
30 | Fair 15.5 | Mod. W 3 | 
31 | Fair 15.5 |;Lt. W +286 0° 
August 1 | Cloudy 17 Lt. E 3 
August 6 | Clear 16.5 ? + 20 
7 | Ptly. Cldy. | 19.5 | Lt. W + 75 | +3° 
8 | Fair 19.5 | Lt. W + 80 0° 
9 | Fair foggy 18 Calm 6 | —1 (Foggy 
10 | Cloudy 19 Calm 0 
11 | Cloudy rain | 18 E 0 
12 | Ptly. Cldy. | 19.5 | Lt. NW) +100 | +1.5° 
13, Ptly. Cldy. | 18.5 | Fr W 0 
14°) Pair 15.8 Lt. W +200 | —2.7° 
15 | Clear 13.5) Fr W 421 | —2.8° 
16 Cloudy 18 LL FF few | +5° 


crease of 100 migrants, a 3° rise by only 55, and a 
5.5° rise by 50 birds—just half as many as in the 
first instance. The days with no change in temper- 
ature brought increases of 286 birds in one ease, and 
80 in the other. 

Referring again to Table 3, July 21, 1937, merits 
further consideration. On that morning, although 
the wind blew lightly from SSE, the greatest wave 
of nuthatches of the season (805) passed out of the 
Forillon. A sharp 8° rise in temperature had fol- 
lowed the 5° drop of the preceding day; both days 
were fair. Possibly the sudden rise after the fall 
activated the birds. 

ATMOSPHERE 

While it is true that between August 13 and 16, 
two considerable increases in numbers of nuthatches 
coincided with 3° drops in temperature, a following 
rise of 5° was accompanied by a huge reduction 
(Table 3). At the same time the wind held west, 
presumably a favorable direction. Cloudiness may 
have been the factor which prevented movement on 
the 16th. Indeed it is believed that the state of the 
atmosphere, as recorded in column two, is the chief 
stimulus inciting migration of these birds. For ex- 
ample, referring to Table 3, August 7 was partly 
fair, and had the same temperature, wind, and num- 
ber of Sitta as the 8th. But the 9th, though fair 
above, dawned calm and foggy over the Forillon and 
Anticosti; few migrants stirred. The 10th was hazy 
and cloudy, the 11th rainy with easterly winds, and 
both lacked Sitta. The 12th dawned slightly cloudy 
with a fair weather wind; about 100 migrants were 
recorded. August 13th was almost identical except 
for a fresher west wind. It was one of those few 
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days for which I ean render no true accounting. 
Birds of all sorts were extremely quiet even for mid- 
August. My field notes bear the comment “not a 
bird sang. between 5:30 and 6:45 A.M.” Why 100 
Sitta should have passed on the 12th, but not a single 
one .on the 13th, I cannot explain on the basis of 
weather. Opportunities for observation were the 
same on both days. At any rate, movements during 
the ensuing three days agreed very well with those 
previously observed in correlation with atmospheric 
conditions; 200 birds on the 14th which was fair, 421 
on the brilliantly clear 15th, “few” on the 16th whose 
sky was wholly clouded. 
DURATION OF STIMULI 

Whether the effective stimulus be the state of the 
atmosphere alone, or its combination with westerly 
wind, possibly with change of temperature, it may 
be asked how soon the migratory response follows. 
One is then confronted with instances in which one 
day is clear with westerly wind, but without migra- 
tion; conditions are unfavorable the next day—no 
migrants; but on the third day conditions are again 
good, with a notable passage of Sitta. Shall this be 
regarded as a response to the immediate stimuli, or to 
those of the second preceding day whose influence 
was only delayed by the adverse conditions of the 
intervening day? Since our observations of the birds 
themselves are limited to the day of their presence on 
the Forillon, it seems wiser to assume that such flights 
oceur in response to the most recent stimuli. The 
question should then be restated as follows: How 
long a period of favorable weather is necessary to 
movement of Sitta from Anticosti and 
Labrador to the Forillon? Before an answer can be 
given, another decision must be made. In a succes- 
sion of favorable days (Table 4), any one of which 
has a notable flight, shall that of any day after the 
first migration be regarded as a response to the im- 
mediate stimuli alone, or to cumulative effects? In 
assuming the latter to be true, there is at least the 
justification that within the periods of successive days 
no interruption of stimuli is evident. In this table 
the horizontal lines underscore days of abundance. 

However one may interpret the data pertaining to 
the second to sixth day flights, the first two columns 
show that one half (16) of the 32 flights passed 
Grande Gréve within 24 hours after the onset of good 
weather. 

Three other interpretations of migrations on the 
second, third, or later days are suggested. First, in- 
stead of being the result of a eumulative effect as 
assumed above, they may be responses only to stimuli 
operating during the day immediately preceding the 
appearance of the nuthatches. In this case a short 
path would be indicated, presumably from Anticosti 
or the mainland nearby, which area in turn may have 
been reached under the stimulus of the second pre- 
ceding day’s fair weather. By continuing this line 
of reasoning one may imagine that the first day of 
the favorable period set the birds in motion from 
inland points north of the St. Lawrence, the distance 
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TABLE 4. Single, or series of, favorable days any one 
of which brought a notable flight of Sitta to the Forillon. 














1936 August 14(9) 15(200) | 
20(1) 21(0) | 220375) | 
28(2) 29(150) | 
| | 
1937. July 13(5) 14(5) | 15150) | 
19(20) | 20115) | 21(785) | 
23(195) | 24(4) 25(143) 26(15) 
28(29) 29(25) | 30(3) 31(286) 
August 6(20) | 7(75) | 8(80) | 
12(100) | 13(0) | 14(200) 15(421) 
| 23(12) | 24(55) | | 
1938 August 3(8) 4(3) | §(2) | 6(27) 7(9) 
} 13(3) | 14(17) | 
| 20(2) 21(15) | 
September 7(5) | 8(2) 9(4) 10(1) 11(14) 
1939 July... 22(34) | 23(33) 24(6) 25(10) 
August 1(21) | 2(98) | 3(30) 
6(29) | 7(60) | 
| 108) | 11(7) | 12(¢98) | 13031) 
24(85) | 
| 
1940 August | 264) | 2712) | 28717) | 29715) | 30(64) 
September....| 14(48) | | 
25(14) | 26(7) | 27(21) 28(65) 
October......|  10(13) 11(4) | 1276) 
| 14(23) | 
16(14) | 17(19) | 
| 
1941 July.. | 13(0) 14(2) | 15(0) 16(51) 17(8) 
| | | 18(72) 19(7) 20(5) 
23(181) | 24(397) | 25(209) | 26(40) 27(12) 
August | 7(343) | 
| 12141) 13(219) | 14(144) | 151177) 
| 18(37) | 19(988) | 
| 21(486) | 
| 24(e41) | 25(6) | 
| 27(100) | 
September 12(40) | 
| 14(30) | 


| | 


from the Forillon being roughly gauged by the length 
of the period. Another segment of the journey would 
have been completed on the second day, and so on. 
Waves of Sitta would then reach Gaspé on succeeding 
days of such periods as July 23-25 and August 12-15, 
1941. This hypothesis would account for the enor- 
mous migration of the last day by imagining either 
that the birds were drawn from a more extensive and 
remote area, or that along the route various groups 
had united. Again, after several days of stimulating 
weather without migrants, the flights that appeared 
on the Forillon on July 31, 1937, August 6, 1938, 
September 11, 1938, ete., might have been in motion 
more or less throughout the periods, crossing nearer 
territory from which migrations at earlier periods 
had already drained the population. Similar reason- 
ing may with interesting results be applied to July 
16 and 18, 1941, the fourth and sixth days of a fair 
period in which the daily numbers of Sitta were re- 
spectively 0, 2, 0, 51, 8, 72, 7, and 5. 

Secondly, one may imagine that some nuthatches, 
owing to age, sex, physicai, or physiological condi- 
tion, may require a longer duration of the weather 
stimuli than other individuals. This would mean that 
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the migrants seen on the Forillon had spent same 
days on Anticosti or the southern Labrador shore be- 
fore the threshold for departure had been reached. 
The short distance could then have been spanned in 
a few hours. 

Thirdly, the first interpretation above developed 
may apply to the birds making daily progress over- 
land, while the more extended operation of the 
stimuli may be necessary to inaugurate the flight 
across the Gulf. One might expect, for example, that 
in July, 1941, a group of migrants accumulated on 
the Labrador shore; that after four fair days the 
adults, already experienced in migration, crossed to 
the Forillon; that two more days were necessary to 
start the immature birds. Unfortunately my data do 
not distinguish the age of these groups. 

Migration after several days of good weather may 
occur at any time during the season; in other words, 
there is no evidence that a more prolonged stimulus is 
necessary in July than in August or September. 

In trying to assess the value of the duration of 
stimuli it should be pointed out that, of the forty 
flights noted in Table 4, eight occurred on single 
favorable days (neither immediately preceded nor 
followed by fair ones); in one series each day of 
which brought a notable flight, the greatest number 
passed on the first day, in five series on the second 
day, in two on the third day, and in two (ineluding 
the largest of all) on the fourth. 

If to these we add twenty-two notable flights that 
oecurred, not in series, but on single days during 
periods of fair weather, the number of flights on the 
first to sixth days are 4, 12, 7, 6, 2,1. Again, adding 
the eight flights that passed on isolated fair days, it 
appears that 24 waves of nuthatches reached Grande 
Greve within 24 hours after the onset of favorable 
weather. Assuming that this was the stimulus, one 
may conclude that adequate stimuli briefly applied 
were effective in setting in motion 24 of the 40 flights 
(of 32 that took place on one of a series of fair 
days). Furthermore, of the eight movements that 
passed on single very favorable days, three were the 
second largest in their seasons. 

Still it cannot be denied that, not only did 16 no- 
table waves pass after tyo or more fine days, but 13 
of them ranked among the largest of their respective 
years. The greatest of all, August 15, 1941 (1,177) 
occurred on the fourth day. Therefore one may feel 
justified in attributing these to cumulative effects of 
stimuli. 

The very fact that 28 waves passed on fair days 
that had been preceded by one or more of the same 
sort may indicate, first, merely that since a fair day 
is more likely to fall as one of a series than as an 
isolated day, these series give a greater number of 
days on which migration may oceur; second, that 
there is a cumulative effect of stimuli; or, third, that 
a series of favorable days causes, or allows, the nut- 
hatches to travel farther. In other words, birds 
reaching the Forillon on the second fair day may be 
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regarded (1) as having required two days of favor- 
able weather on Anticosti to inaugurate the flight, 
or (2) as having flown on the first day from Labrador 
to Anticosti and on the second to the Forillon. Since 
the observations preclude any direct knowledge of 
their previous movements, one must again have re- 
course to the occurrence of good flights on isolated 
single fair days. As previously concluded, these indi- 
‘ate that in many instances immediate stimuli are 
sufficient; birds that have at one time or another 
reached Anticosti cross the channel within 6 to 24 
hours after fair weather begins. 

There is no evidence that great movements require 
longer duration of meteorologie stimuli in years of 
few Sitta than in years of abundance. Considering 
only the big flights that followed shorter or longer 
periods of fair weather, e.g., August 13, 1941, the 





1941, August 11 12 13 14 15 
Sitta 0 41 219 144 1177 
Atmosphere Clear (|Ptly. Cldy.| Clear Fair Ptly. Cldy. 
Temperature 14° 14° 8° 9.5° 10° 
Wind Ww Fresh SW Ww? Fresh W | Fresh W 


results appear in Table 5. The percentages in years 
of scarcity are quite similar to those in years of 
abundance. 


TABLE 5. Big flights that followed shorter or longer 
periods of fair weather. 





1 day 2 days 3 days 4 days 5 days 

1936 (750 Sitta) 2 1 
1937 (2726 " ) 2 3 1 
1938 (198 2 
1939 (1091 3 2 1 1 
1940 (765 < 1 1 2 1 
1941 (5675 2 2 1 
Years of abundance 

1937, 1939, 1941 7 5 4 1 1 
Years of fewer Sitta | 

1936, 1938, 1940 5 2 2 1 | 


The positive correlation of Sitta migration with 
favorable weather conditions may be discerned not 
only when large numbers of birds are involved, but 
also when they are relatively small. For example, in 
the first eleven days of September, 1914, each of three 
fair mornings brought larger numbers than did the 
eight cloudy ones, 2, 0, 15, 30, 9, 0, 0, 1, 25, 2, 0. 
Similarly on August 21 and 22, 1940, which were 
clear, 8 and 9 Sitta passed Grande Gréve, but not a 
single bird was seen on the 23rd, 24th, and 25th when 
cloudiness and southerly winds prevailed. Fair 
weather on the next five days brought 6, 14, 17, 16, 
and 55. Again in 1938, a year of nuthatch scarcity 
(198), the records for mid-August show migration 
almost completely restricted to the fair days: 











524 STANLEY 
August 12 13 14 15 16 
Rain Clearing | Clear Cloudy Mist 
15.5° 18° 18° 
NE Lt. NNW SW | 8 NNE 
Sitta..... 1 3 17 , | a 
August 7 | ws | @ | 2 | 1 | 2 
Mist | Clearing Rain Fair Fair Rain 
13° 17.5°| 17° 14° 8.5° 17.3° 
NW WwW | Ww NW NW | ? 
Sitta We at OS ke ee ee 15 0 
| | | 
MIGRATION IN UNFAVORABLE WEATHER 
As emphasized above, the strongest migratory 


movements of Sitta have been noted on fair to clear 
days with west or northwest winds. The word “fair” 
in this paper designates a morning that is 
chiefly sunny, with a few clouds that offer no threat 
of precipitation; “clear” is used of a cloudless, and 
“brilliant” of a morning with highest visibility with- 
“Partly cloudy” implies a sky more than 
and “cloudy” a nearly or 


as used 


out haze. 
half covered with clouds, 
wholly complete overeast. 

Now seven notable migrations have occurred on 
“partly cloudy” days, all of which were accompanied 
by west or northwest winds. Such conditions are 
regarded here as partly favorable. Five other move- 
ments were observed on cloudy or rainy mornings, all 
except one having unfavorable southerly, easterly, or 
northerly winds. Why should strong migration take 
place on these partially or distinctly unfavorable 
days? In viewing all the data one is impressed with 
the fact that migrations are apt to occur over a series 
of days. Some of these series are unbroken; others 
are interrupted, usually by one or more unfavorable 
days. But in some series it appears as though the 
urge to migrate was so strong that an unfavorable 
day could not interrupt the series of flights. 

For example, after three days of rain and easterly 
winds with a total of only two Sitta, August 1, 1939, 
was fair, and inaugurated a distinct movement: In 
this eight-day series each morning brought a good 








August.....| 1 2 | tive ts 6 | J 8 
| Fair | Ptly. | Clear | Cloudy|Lt. rain | Pt . |Cloudy 
Cldy. | | cid 
| 19° | 11.5° | iw “arse | 13.5° | ’ irae 
[Lt.w/ NW | w | SE | 8 dl & | - 
Sitta.......] 21 2 | 30 | 2 | 24 60 
ae Pe. i | cn Vee epee bo yan 
flight. That the 2nd and 7th, though partly cloudy, 


should do so is not very surprising; but it is to be 
noted that the 4th, which was cloudy with SE wind, 
and the 5th, even rainy, also furnished their quotas of 
23 and 24 birds. Another series in mid-September, 
1940, though less striking, is instructive. Following 
a period of nine days which brought a total of only 
ten Sitta, with a maximum of three, August 11 dawned 
rainy and foggy after an easterly gale during the 
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night. No Sitta were noted at Grande Gréve. Next 
morning, though still cloudy, had a favorable west 
wind, and a flight of 24 Sitta. The 13th was again 
rainy, wind KE, no Sitta. Clear brisk weather on the 
14th allowed the flights to reeur; they continued on 
the cloudy, calm 13th, but ceased on the 16th which 
was followed by heavy rain, and a severe gale in 
New Brunswick and Nova Scotia. In the week thus 
pictured one may imagine that a considerable number 
of nuthatches were within migrating distance of the 
Forillon, that the cessation of rain, and the westerly 
wind on September 12 provided sufficient stimulus 
to start the movement, and that, though conditions 
were too unfavorable on the 13th, they were not suffi- 
ciently adverse on the 15th to prevent a flight. 

A third series of migrations followed five cloudy 
and rainy days during which the wind backed from 
SW through S to N, where it held through August 
3, 4, and 5, 1941. Heavy rain fell on the 4th and 5th. 
Only 2 Sitta were seen, both of them on the 3rd. 
August 6 dawned still cloudy but with a flight of 21 
nuthatches. Their promise of a change in the weather 
was fulfilled, the wind soon veering to W. The 
morning of August 7 was beautifully cleer with mod- 
erate W wind; 343 Sitta passed out of tne Forillon. 
Though partly cloudy, with the wind veering toward 
N temporarily, the 8th brought 157 birds. This ap- 
parently exhausted the reservoir of migrants, for only 
8 passed on the fair morning of the 9th. Looking 
back over this series one may conclude that the 
moderately adverse conditions of August 6, presented 
a change sufficiently favorable over those preceding 
to act as a stimulus to the first migrants of the series. 

In recapitulation it proves that five of the seven 
movements associated with “partly cloudy” days oce- 
curred in series; of the five “cloudy” or rainy morn- 
ings two introduced their series, one terminated its 
while the other two oceupied more central 
positions. These facts may justify the conclusion 
that such nuthatch migrations as pass on unfavorable 
or partially unfavorable mornings are much more 
likely to oceur during a series of flights than on 
isolated days. This may signify merely that more 
birds are ready to migrate at such times, or, further, 
that during “waves” effective stimuli may be of lower 
intensity than is required og isolated days of migra- 
tion. The latter have usually been fair, but a con- 
tradiction might appear in the conditions pertaining 
to July 15, 1937 (cloudy), when more than 50 Sitta 
passed. This was a single notable movement; al- 
though the two preceding days had been favorable 
only about five birds were noted on each. None passed 
on the rainy 16th and 17th. So the 15th may be 
regarded as a day only partially favorable, which 
nevertheless brought a distinct movement. The fact 
that this flight was the first one of the year, and that 
it was preceded by two favorable days may account 
for its being somewhat of an exception. 

A more important instance of migration on an 
isolated, unfavorable morning is that of August 14, 
1939: 


series, 
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August... 13 5 
Weather Fair Cloudy after rain Clear 
Temperature 16° ? 14.5° 
Wind Lt. W Lt. E Lt. NW 
Ge cas ss | 31 73 24 


The sky was fully overcast and the wind E after a 
rainy night. The 73 Sitta constituted the third larg- 
est flight of the year. In comparison with 296 of the 
12th, the season’s peak, 73 is a small number, but 
appears notable beside those of the 13th and 15th. 
Here we have, perhaps, as in the series of August 
1-8, an instance of many Sitta so prepared for flight 
that even adverse conditions failed to hold them back. 
The movement of partly cloudy August 12, 1941 
(Table 4), may be regarded in the same light. Fi- 
nally, on October 23; 1940, the sixth of nine cloudy 
days on which the number of Sitta were 0, 0, 1, 1, 0, 
13, 1, 0, 0, the small but distinct assemblage of 13 
birds may again be looked upon as a group that felt 
the urge to migrate in spite of cloudy weather. 


Bap WEATHER THE STIMULUS; FarR WEATHER 
THE RELEASE? 

In order to correlate the movements of Sitta with 
the conventional causes usually assigned to autumn 
migrations of other species, one may reverse the 
assumption that fair weather conditions stimulate, 
while adverse conditions usually inhibit large flights, 
and inquire what evidence can be assembled to sup- 
port the hypothesis that, after the young have be- 
come strong on the wing in mid-July, it is the cloudi- 
ness and storms that stimulate the families to leave 
their homes, but that they do not do so until fair 
conditions provide the release. For example, as ex- 
plained above, three days of clouds, rain, and easterly 
winds with only two Sitta preceded the eight-day 
series of flights which began on August 1, 1939. Even 
more severe were the meteorological conditions dur- 
ing August 1-5, 1941. One can conceive that cessa- 
tion of rain on the 6th released 21 of the more 
sensitive birds (possibly adults), to be followed by 
the flood of 343 on August 7. Again, though myrtle 
warblers were moving on September 11, 1940, which 
was rainy and foggy after an easterly gale during the 
night, no Sitta passed Grande Gréve. The next morn- 
ing was still cloudy, but the wind had veered west; 
a flight of 24 nuthatches (large for that season) was 
noted. The 13th was again rainy, wind K, no Sitta. 
Clear cool weather followed on the 14th, accompanied 
by 48 birds. By a eurious coincidence exactly one 
year later, these conditions were almost duplicated: 
September 11, 1941, foggy, temperature 11.5°, wind 
SSE, no Sitta; Septemver 12, clear, 6.5°, NW, 40 
Sitta; September 13, nartly cloudy, 5.5°, moderate 
NW, “few” Sitta; September 14, fair, 2.5°, NW, 30 
Sitta. Similarly, clearing skies and SW wind may 
seem to have released the 100 that migrated on the 
morning of August 27, 1941, for the preceding day 
had been characterized by rain driven by north wind. 
Many other instances of this sort could be cited in 
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support of the hypothesis that adverse conditions 
stimulate the nuthatehes to migrate but that fair 
weather is required to release them. 

Other flights, however, have occurred under econdi- 
tions that weaken this conelusion. In 1937 heavy 
rains fell on July 16, 17, and 18 (no Sitta). After 
clearing in the forenoon of the 18th, the 19th dawned 
partly cloudy, clearing later (+ 20 Sitta). Now the 
20th was fair with a fresh W wind; but no Sitta 
were noted. The 21st also was fair, wind light SSE, 
accompanied by the largest migration of the year 
785 Sitta. It would seem that this great flight should 
have appeared on the fair day preceding, were such 
a combination of weather conditions the releasing 
mechanism after the birds had been conditioned or 
stimulated to migrate by the stormy period. In other 
words, it may with greater confidence be assumed that 
the effective stimuli were the favorable conditions that 
began on the 19th, and continued through the 21st. 
One then wonders why the great flight failed to reach 
Grande Gréve on the fair 20th. Perhaps the birds 
were, indeed, set in motion on that date, but sue- 
ceeded only in reaching Anticosti, whence they crossed 
the Gulf on the 21st. 

Certainly movements oceur in which no part is 
played by inclement weather. Those of July 16 and 
18, 1941, may be cited again in this connection. They 
occurred on the fourth and six of nine consecutive 
fair days on which the numbers of Sitta were 0, 0, 2, 
0, 51, 8, 72, 7, and 5. Similarly 286 birds appeared 
on July 31, 1937, the last of four fair days with 
light W winds; the first three brought respectively 
29, 25, and 3 migrants. Again the peak migration 
of 1938 passed on the fourth of five fair days that 
followed a single rainy one (August 2-7, Sitta—0, 8, 
3, 2, 27, 9), and the last notable flight of that year 
(14 Sitta with many myrtle warblers) was noted on 
September 11, the fifth of seven beautiful days, the 
others of which brought from one to five nuthatches. 
Finally, the first heavy movement of 1940 occurred 
on August 30, the last of six fair days. These in- 
stances are sufficient to show at least that not all Sitta 
migrations are incited by adverse weather conditions. 
When considered in conjunction with preponderance 
of flights on fair days, they seem to justify our earlier 
conclusions that clear atmosphere with westerly winds 
constitutes the true meteorologie stimulus to nuthateh 





migrations. 
Fog UNFAVORABLE TO MIGRATION 

In agreement with general experience conclusive 
evidence was obtained that fog is prejudicial to 
strong movements of Sitta. After their activity dur- 
ing the period from July 19-31, 1937, there was a 
marked reduction in numbers. August 1 was cloudy, 
wind light E, 3 Sitta; the 2nd, cloudy, wind strong 
NE, and foggy, no Sitta; the 3rd, fair with some 
fog, 11 Sitta. The 4th dawned clear above, but a 
heavy fog blanketed the Forillon and the Gulf of St. 
Lawrence for a considerable distance, and to a height 
of at least 1,000 feet. Judging by the view obtained 
later from the top of Mount St. Alban, as a rising 








526 


west wind began to drive the fog out of the St. Law- 
rence River and Gaspé Bay, it must have extended 
beyond Anticosti. Since nuthatches ordinarily fly at 
a low elevation, and since even the highest land on 
Anticosti does not much exceed 400 feet, it is not 
surprising that no distinet migration occurred. 

That a reservoir of Sitta at that time existed, pre- 
sumably to the northward, is indicated by the records 
of the following days. None passed on August 5 
which was rainy with thunder storms at night, but 
the 6th dawned clear and brought a distinet flight of 
about 20 birds. The 7th and 8th, also favorable, con- 
tributed respectively 75 and 80 Sitta. 

The next morning, August 9, provided further strik- 
ing evidence of the inhibiting effect of fog upon nut- 
hatch activity; for again the region was enveloped, 
and not a single individual could be found near 
Grande Gréve. Above the fog the atmosphere was 
fair and warm. In the ten-day period, August 12-21, 
1939, the daily numbers of Sitta were 296, 31, 73, 24, 
5, 52, 43, 5, 60, and 3. Of these the three lowest 
were noted on days of heavy fog, although light fog 
on August 18 allowed 43 to pass. Again August 24 
was cloudless, temperature 14°, wind light NW, with 
85 Sitta. The next day dawned partly cloudy, tem- 
perature 16°, wind still light NW, but fog rolled in 
from the Gulf at 5:00 A.M.; significantly, no Sitta 
appeared. 

Direct observation of nuthatch behavior in the 
presence of fog was'made on a few occasions. The 
morning of August 3, 1937, was fair, but moderately 
heavy fog filled the coulée behind Grande Gréve to 
about the two hundred foot level on the King’s Road 
where it mounts the shoulder of Mount St. Alban. 
Through and along the thin edge of the fog here a 
single nuthatch slowly made its way from tree to tree 
westward out of the Forillon at 5:48 A.M. Another 
followed at 5:53, 4 at 6:08, 5 at 6:13, the last two 
groups wholly in the sun above the fog line. Since 
on this morning the fog bank did not extend more 
than five miles northward over the Gulf, these birds 
may have approached from Anticosti until they 
reached its outer margin. Their course then may have 
lain above the fog, bringing them to land at A. Or 
again, they may have landed farther down the 
Forillon during the night before the onset of the 
fog, and at dawn found their way out of it at the 
point of observation. One can imagine them landing 
at some lower elevations, as at B, before the fog 
reached that level. By ascending the slope they could 
have kept above fog until dawn, or by rising ver- 
tically at any time they could easily have gained the 
clear air. 
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Fic. 7. Behavior of Sitta in fog. 
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On another morning when at short intervals groups 
of nuthatches, according to their custom, were flying 
westward over an open pasture, a fog bank rolled 
across their path. As they met this oncoming front 
three Sitta towered upward for 100 feet and returned 
to the young fir trees in which they had just been 
feeding. Similar instances of their hesitancy to enter 
fog were noted at other times. For example, on the 
morning of July 17, 1941, a low sheet of fog extended 
from Gaspé Bay into the gap occupied by the brook 
and marsh at Grande Gréve. Nuthatches were cross- 
ing this layer from the hill on the east to that on 
the west. But when a puff of wind forced the fog 
upward a hundred feet about the row of spruces in 
which they had been alighting, the later migrants 
turned back to the eastern hill until the western was 
again cleared. Not always, however, were birds thus 
thwarted in this flight out of the Forillon. During 
one of the peaks of Sitta movement in mid-August, 
1939, waves of fog were intermittently being driven 
by shifting westerly winds, now from the Bay, and 
then from the Gulf, high enough to engulf Mount St. 
Alban northwest of Grande Gréve, and thence part 
way down over the Forillon to the east. In the clear 
intervals migrants were passing out to the westward 
as usual. Some turned back when intercepted by fog, 
but one mixed flock of nuthatches and myrtle war- 
blers (Dendroica coronata) reacted with more de- 
termination. When confronted by a mass of fog 
rushing down from the west they at first gave ground, 
drifting back over the pasture. Then, turning, they 
mounted higher and higher, thrusting repeatedly 
against the ragged wall until, surmounting it, they 
passed from sight toward the western highlands. Al- 
though the warblers ordinarily fly more swiftly than 
nuthatches, in this instance eight Sitta and_ five 
Dendroica, mingling freely, ascended as a loosely-knit 


flock. 


ATMOSPHERIC PRESSURE AND MIGRATION ON THE 
FoRILLON 

Except at high altitudes pressure in itself prob- 
ably does not sensibly affect birds and mammals, for 
they lack sense organs capable of responding to 
such small changes as occur in the ordinary succession 
of high and low pressure areas. Nevertheless, the 
factors correlated with pressure, namely humidity, 
temperature, and wind, have led some students of bird 
migration to consider atmospherie or barometric 
pressure as a possible factor influencing bird be- 
havior (Ritchie 1940). If any degree of pressure or 
change of pressure can act as a stimulus it must 
operate at the place occupied by the bird, that is, at 
the source, on the fly-way, or at the destination, inter- 
mediate or ultimate. In other words, even in these 
days when the wonders of radar so rapidly unfold 
before us, it is inconceivable that the distant center 
of a low or high pressure area could, in itself, attract 
or repel a bird, however well prepared to migrate. 
Only certain degrees of, or changes in pressure ex- 
perienced by the bird, either as these centers move 
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in relation to the bird, or as the bird flies toward or 
away from a center, could influence it. 

In order to test the pressure hypothesis one may 
recall that, relative to nuthatch migration in Gaspé, 
observations recorded have shown that the majority 
of large movements pass Grande Gréve on mornings 
characterized by clear atmosphere and westerly wind. 
The correlation with pressure at these times ean be 
summarized as follows. Of the 40 occasions recorded, 
pressure was high on 21, high but beginning to fall 
on 8, high and rising on 5, moderate and rising on 3, 
beginning to rise on 1, and definitely falling on 2. 
Combining the first three categories we find the pres- 
sure high in 85 of the cases. Nine movements (22 
percent) occurred on rising, and 10 (25 pereent) on 
falling pressure. 

If, for the sake of argument, one concedes that, 
possibly through the respiratory, auditory or equali- 
bratory apparatus, birds are sensitive to atmospheric 
pressure and its relatively slight changes, and if 
pressure be divorced from temperature, humidity and 
degree of light, the question remains: Are they actu- 
ally stimulated—either by pressure of certain inten- 
sity or by changes in pressure? 

One should bear in mind that the reduction of pres- 
sure in a given locality during the passage of an 
extremely low center (28.86 mm.) would be not 
greater than what a bird would experience in rising 
to 1,000 feet, as from shore to the top of Mt. St. 
Alban. This ascent is made daily by such birds as 
the gulls and cormorants, and frequently during mi- 
gration by passerines; similarly the descent. Such 
changes in pressure cannot seriously be regarded in 
themselves as probable stimuli to migration. 

Again, considering birds in general, fall migration 
occurs chiefly along southerly gradients. If they were 
stimulated to migrate by high pressure as such, any 
bird setting out from a center existing over a given 
area, and merely trying to maintain itself in this 
high pressure, would of necessity follow the center 
eastward; similarly for low pressure. Now summer 
and autumn pressure systems move eastward at a 
rate of from 500 to 600 miles per day, or 20-25 miles 
per hour. Clearly, disregarding wind, this is well 
within the flight capacity of many species, but we 
can imagine few except arctic terns and evening 
grosbeaks that could benefit by following a center 
eastward. And no return ticket could be furnished! 

Another question arises when, assuming that a bird 
starts southward stimulated by a high pressure center 
at Gaspé, it enters successively areas of lower pres- 
sure. Will it stop migrating at some point because 
the pressure has fallen too far below the bird’s thresh- 
old? This might occur, for instance, at the end 
of five hours of flight, at which time a nuthatch, with 
the low speed of 20 miles per hour, might have flown 
100 miles southward. By this time, however, the 
original center would have travelled eastward an 
equal distance. The pressure at the bird’s new posi- 
tion would soon begin to rise before a new high area 
moving in from the west. When the pressure became 
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sufficiently great our bird would, perhaps, be stimu- 
lated to set out on another southward dash. 

Although it is true that many of the impressive 
nuthatch migrations have passed through Gaspé in 
fair weather when barometric pressure was high, or 
rising, the greatest of all occurred on August 15, 
1941, when the pressure, though still rather high, was 
distinetly falling due to the approach of a low center. 
These birds, if they turned southward upon leaving 
the head of Gaspé Bay, would have had before them 
southeast of New England a high center rapidly be- 
ing replaced by a low. Therefore they would have 
been moving along a descending gradient as were 
Ritchie’s (1940) Bombycilla in their flight from Sean- 
dinavia to Britain. 

On the other hand, data in 4 out of 7 instances 
summarized in Table 6 show that nuthatches left the 
Forillon while fair weather and high pressure pre- 
vailed over Gaspé and contiguous regions, with an 
ascending gradient of pressure toward New England. 
In the other three instances, August 20, 1939, and 
August 19 and 21, 1941, though still moderately high 
over Gaspé, pressure was slowly falling in New Eng- 
land. These cases offer no great support to nor de- 
nial of Ritchie’s hypothesis that Bombycilla garrulus 
migrating from Seandinavia to Britain were stimu- 
lated to fly from areas of high toward areas of low 
pressure. But they were passing over the North Sea, 
whereas nuthatches leaving the Forillon undoubtedly 
remained over land. 


TABLE 6. Examples of atmespheric pressure accom- 
panying seven migration peaks. 

Aug. 15, 1941, 1,177 Sitta. Pressure falling over Gaspé and 
eastern Quebec due to an approaching low center SE of 
James Bay. Pressure southward rising toward high center 
SE of New England, but falling toward ‘a “low’’ moving 
into New England from the west; southward migrants might 
have experienced this falling pressure on the next day. 

Aug. 19, 1941, 988 Sitta. Pressure falling at Gaspé. 

Aug. 21, 1941, 486 Sitta. high but falling over 
Gaspé and New Brunswick, more rapidly over New England. 


Moderately 


Aug. 24, 1941, 241 Sitta. Rising over Gaspé, higher over New 
England. 
Aug. 12, 1939, 317 Sitta. High but falling over Gaspé, rising 


toward New England. 
Aug. 20, 1939, 61 Sitta. 

ward New England. 
Aug. 24, 1939, 85 Sitta. 

toward New England. 


High over Gaspé, falling slightly to- 


High but falling over Gaspé, rising 


Considering only the conditions over Gaspé at the 
time of departure, the barometric pressure was fall- 
ing in six instanees, and rising in one. But it should 
be emphasized that in four of the six instances the 
decline had been slight up to the onset of the move- 
ments. It is quite possible that the birds had set out 
from their northern source while pressure was at its 
highest point, or even still rising. In other words, 
my observations cannot safely be used to support any 
hypothesis concerned with barometric pressure as a 
stimulus to migrants. 

Siivonen (1936) found in southern Finland that 
of five October migration waves of Turdus ph. philo- 


melos and T. musicus, four coincided with falling 
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barometer, and the fifth with rising barometer but 
falling temperature, the last regarded as causative. 
My data have led to the conelusion that temperature 
alone is not closely enough correlated with the migra- 
tion Sitta to be regarded as the chief stimulus. 

If nuthatches and the other terrestrial migrants 
that pass through the Forillon are really affected by 
pressure it must aet only to set them in motion. 
Their paths certainly are determined in part by other 
factors. 

Wixp as A Factor In MIGRATION 

In view of the importance attributed by students 
of migration to wind as a factor influencing the 
direction followed by birds, brief consideration of it 
must be given here. 

It has been shown that at Grande Gréve strong 
nuthatch movements usually occur in fair weather 
with westerly morning winds. Can we distinguish 
between the effects of “fairness” and wind? If winds 
are responsible, then the greatest movements of birds 
should accompany the stronger winds. 

Table 7 includes records of all the large flights 
that passed with westerly winds. In 14 instances 
the wind was light, in 4 it was moderate, in 9 fresh, 
and strong in none. In other words, a wind of great 
foree was unnecessary to carry large numbers of Sitta 
to the Forillon. Considering alone the day of great- 
est abundance in each of the six years, it was char- 
acterized by light wind in two years, moderate in 
two, and fresh in one. It is true that the latter 
brought by far the largest movement of birds, but 
cne must remember that 1941 was the year of great- 
est abundance. In 1937 the highest number, 805, 
passed on July 21, when the wind was not only light 
but came from the SSE. These observations suggest 
that wind alone is not the dominant factor in the 
migrations of Sitta through Gaspé. 


, 


This view is further supported by the fact that 
several other strong movements accompanied winds 
from the southeast and south, or passed on calm 
In other instances the wind, though westerly, 


The likelihood that 


days. 
was too weak for consideration. 


TABLE 7. Comparative numbers of flights that were 
accompanied by light, moderate, and fresh westerly sur- 
face winds. 





Light W Wind Mod-rate W Wind 


July 31, 1937 286 Sitta July 22. 1936 375 Sitta 
August Reis _ ae August 6, 1939 pag 
- 8 = " ™ 296 

12, | aie rs 7, 1941 343 
15, 1938 a” Fresh W Wind 
September 11, ” 4” July 14, 1936 290 
July 22, 1939 34.” August 15, 1937 421 
August is "> 21, 1938 15 
‘4 7 60 ” 9 23, 1939 33 
23. aes October 14, 1940 23 
30, 1940 54 August 14, 1941 144 
September 12, " _ us 6, ~ 1177 
~ 14, " calm as “7 embed 988 
October hs _ Js “~ is 486 
August 17, 1941 100 
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wind is the important factor is further weakened by 
the readiness with which all nuthatches progressed 
westward against the currents that prevailed; one 
rarely felt that the wind was a deterrent. Further- 
more, if westerly winds were carrying the nuthatches 
into the Forillon from the main part of the Gaspé 
peninsula they should have been detected entering 
from the west. But, as previcusly emphasized, this 
castward movement was never confirmed for Sitta, 
although other species were seen and heard entering, 
for example, at Stations A and B. 

The conclusion was reached that most of the nut- 
hatches entered the Forillon by crossing the Gulf of 
Saint Lawrence from Anticosti. Adherents of the 
theory that quartering winds are more favorable to 
migrants than “tail winds” may regard these flights 
as reasonable in the light of such weather maps as 
bear sufficient data and of my records of westerly 
winds given above. In most of the flights the surface 
winds would appear to have been “beam” rather than 
quartering winds. 

In trying to find in air currents real aid to birds 
flving from Anticosti to the Forillon attention should 
be directed to a phenomenon emphasized by MeMil- 
lan (1938). Above an elevation of 1,700 to 3,000 feet 
the wind passing over a given area quite closely fol- 
lows the direction of the isobars. while at the ground 
surface it may be blowing at a considerable angle to 
them. My wind records for 1937 at Grande Gréve 
when studied with the weather maps show that in all 
probability, of 11 days when considerable movements 
of Sitta occurred coincidentally with W or NW 
ground winds, all had higher level (isobar) winds 
blowing from the W or SW over eastern Gaspé and 
Anticosti. These would have been rather adverse 
with a tendeney to earry far to the east birds leav- 
ing Anticosti. On the only day (July 30) when the 
isohars indicated N or NE winds the ground current 
at Grande Gréve was west, and only 3 nuthatches 
were recorded. Two days with NW isobar trends 
brought “a few” (July 14) and 0 (August 13) Sitta. 
The latter date is of special interest because many 
birds passed on the preceding and sueceeding days. 
The one factor lacking on the 13th was “fairness.” 
Though the ground wind blew freshly from the west 
the sky was considerably clouded due to a low pres- 
sure area over Labrador. On the following morning 
a strong high center approaching over southern On- 
tario brought fair weather with light W ground wind, 
a W current above as indicated by the isobars, and 
200 nuthatches. 

Inspection of weather maps for the other years bears 
out the belief that high level winds have little to do 
with the migration of Sitta to the Forillon. For ex- 
ample, in 1941, the year of greatest abundance, the 
maps showing weather conditions over Gaspé and 
Anticosti on the five days of greatest nuthatch move- 
ments indicate a variety of wind directions at higher 
levels. These appear to have been from points be- 
tween SW and SE on August 15 and 19 when cyclonic 
(low pressure) centers were approaching south of 


Gaspé. The direction of the isobars on August 21 
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and 24, with antievelones (high pressure) south of 
Gaspé, indicate W to NW high level winds. Finally, 
on August 27, when a eyclonie area was drawing 
away to the eastward and an antieyclone was ap- 
proaching from the southwest, an upper current from 
the N or NW is suggested. 

Surface winds on the other hand were westerly at 
Grande Gréve on all five of these mornings. This 
was true even on August 15 when, according to data 
kindly supplied by the Meteorological Division, De- 
partment of Transport, at Toronto, the direction was 
E shifting to NW at Gaspé Basin twelve miles inland 
at the head of the Bay, and S to SE at Southwest 
Point on Anticosti. 

Even when the direction of the isobars, and there- 
fore the approximate direction of the wind at a con- 
siderable elevation, is known, there still remains the 
how often the birds travel in this 
Certainly it could not act as a stim- 
ulus to birds near the ground where they are subjected 
to a current having a different direction. It would 
seem more likely that they react to the stimulus of 
fair weather, set out southward from Anticosti, and 
perhaps rise above the westerly wind, oceasionally 
meeting a more northerly current that would carry 
them toward the Forillon in the manner suggested by 
MeMillan. 

Having dropped down upon the little peninsula the 
nuthatches have always passed westward, whatever 
the direction of the surface wind. It may again be 
emphasized that in most instances this was a westerly 
headwind, the least likely to act as a stimulus to 
migration westward. It seems rather that the birds 
react to the fair weather by setting out from Anti- 
costi, and that after crossing the Gulf they prefer 
headwinds to another short journey over Gaspé Bay. 

Evidence has been presented in America (Smith 
1917) and Europe (Schenk 1930) that, in the spring, 
migration coincides with the northerly influx of warm 
moist air in front of a eyelonie center approaching 
from the northwest. American authors, 
among them Allen & Peterson (1936), have described 
the effects:of strong NW winds in earrying autumn 
migrants toward the Atlantic coast. In such instances 
the approach of a center of high pressure is to be 
inferred. But for the Gaspé nuthatches it has been 
shown above that while most of the summer and 
autumn movements have coincided with westerly 
morning surface winds, there was little correlation 
between the numbers of birds and the foree of the 
wind. Nor has the relative position of high and 
low centers with respect to Gaspé at these times been 
very uniform. Furthermore, it is not believed that 
the nuthatches entered the Forillon from the west. 

To those who have witnessed concentrations of 
migrants along our Atlantie coast, as at Fisher’s 
Tsland (Fergusons) and Cape May (Allen & Peter- 
sen), apparently due to drift by NW winds, the first 
conclusion concerning these nuthatches is likely to 
be that a similar drift has brought them into the 
Forillon during the night from the west and north- 
west. But it has been pomted out above that no 


question as to 
higher stratum. 


west or 
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close correlation exists between the strength of such 
One may 
of course assume that, on oceasions when light west- 


winds and the numbers of Sitta observed. 


erly winds coincided with large waves of nuthatches 
on the Forillon, sueh enormous flights were in prog- 
ress farther west that the eastward drift of a rela- 
tively small percentage of the birds would account 
for all that reached the Forillon. That no such hordes 
were in existence I was convineed by the small num- 
nuthatches recorded in the west 
through the mountains as far as the Fox River Port- 
On several morn- 


hers of region 
age near the head of Gaspé Bay. 
ings strategic parts of this area were visited within 
an hour after I had observed large numbers passing 
westward out of the Forillon at Grande Greve. 

Drift, however, may well help to concentrate on 
the Forillon nuthatches that set out from Anticosti. 
It has been suggested that birds leaving the island 
and subjected to an easterly drift that would carry 
them out to sea may consciously turn just enough 
into the wind to make a land fall. This would cer- 
tainly be attempted by most birds leaving the west- 
ern half of Anticosti, for, as explained above, given 
sufficient light they could see the mountains of Gaspé 
even before their departure from the island. Under 
the clear starlit skies that prevail when notable night 
migrations occur the Forillon should be visible at 
least to birds that have covered one half of the forty- 
mile channel. 

Replying to the further suggestion that migrants 
leaving Anticosti on a NE wind might become dis- 
persed along the northern Gaspé coast, and not 
appear as a conspicuous movement, I may point out 
that winds from that direction are usually aecom- 
panied by storminess uneconducive to migration. My 
observations both on the Forillon and along the coast 
some forty miles to the westward indicate a general 
scareity of migrants during days with northeasterly 
winds. Furthermore, such a wind should drift upon 
the Forillon birds from eastern Anticosti that under 
westerly currents are believed to pass southward over 
the Gulf of Saint Lawrence. But again such flights 
have not materialized at Grande Greve. 

The direction and strength of the wind must affeet 
not only the path followed by birds leaving Anticosti 
but also the time required to reach the Gaspé shore. 
Figure 8 is intended to convey an idea of the effeet 
upon a nuthateh setting out from Southwest Point, 
A, at a flying speed of 25 miles per hour. In calm 
weather it will be at C at the end of an hour and will 
reach B after a flight of about one and three-quarters 
Against a west wind of 10 miles per hour, if 
the bird maintains the same orientation with respeet 
to the longitudinal meridian, it will be drifted to the 
eastward to C* and may pass the end of the Forillon 
two and three-quarters hours after leaving A. If, 
however, the nuthateh re-orients continually so as to 
maintain itself on the line AB its speed will be some- 
what further reduced, allowing it to reach D at the 
end of the first hour, and to eross the 44-mile channel 
to land at B after about two and a half hours. 

Any change in the direction or strength of the 


hours. 
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Fic. 8. Effects of wind upon nuthatches crossing the 
44-mile channel between Anticosti Island and Gaspé. 


wind, or in the effort of the bird, will alter its path 
and land fall. Probably few birds would leave South- 
west Point or the shore farther west in winds so ad- 
verse that the Gaspé coast could not be reached, for 
to most of them it would be visible before they had 
been drifted too far eastward. One may assume that 
the majority would land on the Forillon, since it 
lies farthest east. 


LIGHT AND MIGRATION 

However birds may be affected by fluctuations in 
light intensity and length of day, we may add the 
red-breasted nuthatch to the list of shore birds and 
others that begin their southward journey so early 
in the summer that reduction in light cannot yet be 
safely accepted as the stimulus to autumn migration 
in birds. Not only do many great movements of 
Sitta oceur before mid-August, but distinct flights 
have been observed as early as July 2 (see appendix). 
Adding to the 46 peaks previously considered a num- 
ber of smaller but important movements, 62 distinct 
flights (6,533 Sitta) passed through the Forillon by 
August 15 in the years 1936-1941, while only 40 
flights (2,751 Sitta) were recorded from August 16 
to October 23. In the appendix the periods and num- 
bers are further analyzed. 

It is also'to be emphasized that in two of the six 
years migration was delayed (August 14, 1936 and 
August 27, 1940). This great range in the date of 
the first movement, from early July to middle or late 
August, weighs heavily against light as a factor con- 
trolling migration. 


SUMMARY 


(1) The geographical and ecological relationships 
of the Gaspé peninsula and especially of the narrow 
terminal Forillon, 5 miles in length, are described. 
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(2) During the period of study, 1936-46, the nest- 
ing population of red-breasted nuthatches (Sitta 
canadensis) in the Forillon’s 2,560 aeres of forest 
was small, not more than four occupied nests, a den- 
sity of one family in 680 aeres. 

(3) Little evidence of nocturnal migration of small 
passerines, and none at all of Sitta was obtained. 
Diurnal movements of warblers (Compsothlypidae), 
robins and other thrushes (Turdidae), and nuthatches 
were at times conspicuous. All were confined to the 
land; none crossed the Bay of Gaspé, which does not 
exceed 5 miles in width. Birds that reached the south- 
eastern tip of the Forillon turned back and passed 
out of it westward at its base near Grande Gréve. 

(4) With the aid of maps, eight lines of flight fol- 
lowed by nuthatches on the Forillon are deseribed. 
One lies along the northern cliff margin, another on 
the crest of the southern ridge, a third in the coulée 
between the first two, and others along forest margins 
or from grove to grove of trees. 

(5) Counts of birds were most easily made at sta- 
tiens chosen on these lines. The greatest numbers 
were observed at the base of the Forillon, the highest 
count being 1,177 Sitta in the first two hours of day- 
light, on August 15, 1941, as they crossed the King’s 
Road on their way out of the little peninsula. 

(6) Although many migrants among other species 
were seen entering the Forillon from the west, or 
heard entering at night, only a few Sitta are known 
to have done so. Their presence at dawn where none 
had been found late on the preceding afternoon led 
to the conclusion that they had crossed the Gulf of 
Saint Lawrence during the night. 

(7) Judging from records in the literature, the 
breeding nuthatch population of Anticosti is insuffi- 
cient to provide all the Sitta that passed through the 
Forillon in some years. Probably the forests of 
Quebec north of the St. Lawrence constitute one 


source. Nuthatches have boarded vessels off the 
Labrador coast. 
(8) Dispersal of Sitta reared on the Forillon 


oceurs within a week after the young leave the nest, 
and coineide with the arrival of the first migrants 
from the north. 

(9) Migrants were traced to the head of Gaspé 
Bay, where some crossed the mouth of the Dartmouth 
River. Studies made to the westward, as well as 
south of the Bay, indicate the probability that diurn- 
ally, like robins and warblers, nuthatches ascend the 
Dartmouth, York, and Saint Jean rivers. They have 
been traced thus far to the extensively burned areas 
about the heads of these rivers. 

(10) Fairly close correlation between years of 
strong migration in Gaspé and New England suggests 
that some of the Gaspé birds turn southward. 

(11) Chronology of the movements indicates four 
periods of abundance each year, July 15-31, August 
6-8, August 12-15, and August 27-31. Lesser waves 
were noted September 11-15, September 28-October 
2, and October 12-17. It is surmised that different 
sources may have been represented in these movements. 

(12) Annual counts show an alternation from low 
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to high numbers of migrants: 1936 (750), 1937 
(2,726), 1938 (198), 1939 (1,091), 1940 (765), 1941 
(5,675), 1946 (177). No correlation with the 
cone crop is discoverable. Of other cone-eating birds, 
the yearly alternations in abundance of purple finches 
and pine siskins agreed with those of the nuthatches, 
but were opposed by the white-winged erossbills. 

(13) Sinee cone seeds fall during the first autumn 
or winter, the cone crop cannot determine the choice 
of nesting areas in the spring, unless birds react to 
young cones. 

(14) Sitta canadensis is shown to migrate south- 
ward in some numbers through Gaspé each year. Pub- 
lished accounts indicate the same to be true farther 
west in Quebee, Ontario, Manitoba, and Alberta. Prob- 
ably the population as a whole shifts southward. The 
numbers from year to year reflect the breeding suc- 
cess in the north, and the latter cannot depend upon 
the cone crop because the nestlings are fed insects 
alone. 

(15) Passing through the Forillon in July and Au- 
gust before cone seeds are mature, the earlier waves 
of nuthatches are believed not to be due to failure 
of the cone crop. 

(16) Although at present it seems improbable that 
nuthatch abundance can be linked to the suspected 
four-year maxima of the snowy owl (Nyctea nyctea), 
it is noted that the greatest movement of Sitta 
occurred in 1937 and 1941. Great numbers of owls 
moved south in 1941, and again in 1945, but not in 
1937. War prevented observations of Sitta in Gaspé 
during 1942-45, but in New England moderate num- 
bers appeared in August, September, and October, 
1945. 

(17) Consideration of meteorological factors as stim- 
uli to migration lead to the conclusion that temper- 
ature and atmospheric pressure are ineffective, but 
that fair weather is the true significant stimulus. 
Nevertheless it is not impossible that storminess stim- 
ulates the birds, but that they do not move until re- 
leased by fair weather. Wind alone fails to account 
for all of the heavy flights of Sitta through the 
Forillon. 

(18) The great range in the date of the first dis- 
tinet movement, from early July to middle or late 
August, weighs heavily against reduction of light as 
a factor controlling southward migration. 

(19) Observations of attempts by birds to surmount 


fog are given. 


APPENDIX 

Résumé of observations on the occurrence of Sitta 
movements under various meteorological conditions. 
Temperature 

14 peaks on days with less than 10° dawn tem- 
perature. 

29 peaks on days with more than 13° dawn tem- 
perature. 
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3 peaks on days with 10°, 11° and 12° dawn tem- 
perature. Of the 8 strongest migrations 50 percent 
oceurred at temperatures of 8°-10°, and 50 percent 
at 13°-23°. 

22 peaks followed drops of 2°-11°. 

19 peaks followed rises of 1°-8°. 

5 peaks followed no changes. One of these was the 
greatest of all movements (1,177). 

Fair weather (low humidity) 

Of 46 peak migration days on the Forillon (1936- 
1941, 1946) 42 were distinetly fair. 

a. 8 peaks passed on single isolated fair days. 

b. 22 peaks, not in series, passed on single fair 
days oecurring in periods of fair weather. 

c. In 10 series of fair days, each day having a good 
flight, 1 peak passed on the first day of its 
series, 5 on the second, 2 on the third, and 2 
on the fourth day. 


Combining b and ¢ gives 


d. Ist 2nd 3rd 4th Sth 6th fair days 
4 12 7 6 2 1 (32 flights) 


e. 16 f. 16 

e. 16 (50 percent) of 32 peaks passed within 24 
hours of beginning of fair weather. 

/. 16 (50 percent) of 32 peaks passed 48 hours or 
more after the beginning of fair weather. 


a + e = 24 peaks that passed Grande Gréve 
within 24 hours of the onset of fair weather, or 59 
pereent of the entire 46 notable movements. The re- 
maining 49.1 percent may have required a longer 
stimulus, or may have flown farther. 

Five instances are cited in support of the hypothesis 
that stormy conditions stimulate the nuthatches to 
migrate but that the ensuing fair weathers provides 
the release. Other similar but less striking cases 
could have been added. 

Seven contrary instances are cited to show that not 
always do distinetly adverse weather conditions im- 
mediately precede migration waves. 


Atmospheric pressure 

Of 40 peak flights for which barometric records 
were kept, 34 (85 percent) passed on mornings of 
high pressure, 3 on moderate and rising pressure, 1 
when pressure was low and beginning to rise, and 2 
on definitely falling pressure. See also Table 5. Nine 
movements (22 percent) passed on rising, and 10 
(25 percent) on falling pressure. 


Wind 

Of 27 instances when great flights accompanied 
westerly winds, 14 had light, 4 moderate, 9 fresh, 
and none strong winds. See Table 6 and discussion. 
Wind alone cannot be the dominant factor. 
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Year's Date of Numbers in waves that passed 
Total Ist wave during different periods 
1936 750 Aug. 14 Aug. 14 - 29 660 
1937 2726 July 4 July 4-15 70 
July 16-31 1493 
Aug. 1-15 896 
Aug. 16 - 29 75 
1938 198 July 12 July 12-31 16 
Adg. 1-15 65 
Aug. 16 - 31 49 
Sept. 1-11 23 
1939 1091 July 2 July 2-15 12 
July 16-31 110 
Aug. 1-15 661 
Aug. 16-31 190 
1940 765 Aug. 27 Aug. 27 - 31 99 
Sept. 1-15 102 
Sept. 16 - 30 146 
Oct. 1-15 248 
Oct. 1-26 46 
194] 5675 July 6 July 6-15 17 
July 16-31 905 
Aug. 1-15 1940 
Aug. 16 - 31 1329 
Sept. 1-15 70 
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